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(57) A bstra ct : A method of forming an interferometer film for an interferometer sensor comprises forming a parylene polymer layer 
O < 8 > of substantially uniform thickness directly on an interferometer substrate (4;45), the layer forming the interferometer film. Since 
^ the interferometer film (8) is formed directly onto the surface of the interferometer substrate, there is improved conformity between 

the two^urfaces at the interface between the polymer layer and the substrate and improved uniformity in the thickness of the film. 
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nTCVTCE AND MTCTHQD FQ P TTME-RESOT.VED OPTICAL 

Hflft^ITREMENTS 

FlrK 1 nf ttlfi invention 
5 This invention relates to the measurement of 

material properties using time-dependent, spatially 
varying optical fields. 

pwdtoround 
Measurement techniques involving optical 
10 excitation and detection of material motions are 

extremely important from both purely scientific and 
applications-oriented points of view. In particular, 
techniques such as transient grating spectroscopy or 
impulsive stimulated scattering use laser light to both 
15 excite materials (e.g., polymer films) and to measure the 
resulting response. In these techniques, two excitation 
laser pulses are crossed in space and time in the sample. 
Overlap of the excitation pulses results in optical 
interference to produce an excitation field which has 
20 alternating "light" and "dark" regions, with the overall 
intensity of the field varying in a sinusoidal manner. 
The angle between the overlapping pulses determines the 
spatial frequency, i.e., the wavevector, of the 
alternating regions. The excitation field can induce a 
25 transient grating in the sample through several different 
mechanisms. For example, optical absorption of the 
excitation field can create electronic excited states 
which can decay through the emission of heat or light. 
For example, in Impulsive Stimulated Thermal Scattering 
30 ("ISTS") the optical energy of the light regions of the 
field is absorbed by the sample, resulting in the 
deposition of heat which is followed by thermal expansion 
of the irradiated regions. This results in the launching 
of coherent, counter-propagating ultrasonic phonons 
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having a wavevector with a spatial frequency and 
orientation matching the geometry of the excitation 
field. The sample can also be excited via a non- 
absorptive process. In Impulsive Stimulated Brillion 
5 Scattering ("ISBS") or Impulsive Stimulated Raman 

Scattering ("ISRS") , for example, the sample is excited 
using a spatially varying optical intensity pattern, but 
the photons have a wavelength that is not absorbed by the 
film. In these techniques, optical energy is coupled 
10 directly into the film's acoustic field to excite 
acoustic processes. The excitation process takes 
advantage of the inherent spectral line width of the 
excitation pulses; higher-frequency photons from each 
excitation pulse are annihilated to create lower- 
15 frequency photons in the opposite excitation pulse. 

Counter-propagating acoustic phonons of the difference 
frequency and wavevector are then generated in the 
medium. 

In ISTS, ISRS, ISBS, and other transient grating 
20 techniques, phonon propagation or electronic events may 
continue after the excitation pulses leave the sample, 
causing a time-dependent, spatially periodic variation in 
the material properties in the excited region. Because 
the relevant optical properties of the material are 
25 functions of the magnitude of this response, the time 

dependence of the excited region can be detected with an 
optical probe beam. The excited region of the sample 
functions as a transient diffraction grating, resulting 
in diffraction and modulation of the incident probe beam 
30 to produce a signal beam which can be detected and 

analyzed. m order to determine a particular property of 
the sample, such as the elastic moduli, it may be 
necessary to measure the sample's dispersion (i.e., the 
wavevector-dependent response) . 
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In order to form the spatially varying optical 
excitation field using the conventional transient grating 
methodology, the excitation beam is split into two beams, 
which are then recombined in the sample using optical 
5 components such as mirrors, beam-splitters, lenses and 
mechanical delay stages. These components may also be 
used to adjust the angle between the excitation beams. 
Additional optical components are used to accurately 
adjust the angle, spatial overlap, and timing of the 
10 probe beam with respect to the excitation beams. 
However, even after careful adjustment, the signal 
diffracted by the induced transient grating is often 
weak, making both alignment and detection difficult. 

gUTnynarV 

15 in one aspect, the invention provides a method and 

apparatus for determining a property of a sample using 
the steps of: (a) providing a beam of radiation, and then 
passing the beam through a pattern on a diffracting mask 
to form at least two excitation sub-beams; (b) 

20 overlapping at least two excitation sub-beams on a region 
of the sample with an imaging system to generate a 
spatially varying optical field which excites a transient 
grating in the region of the sample; (c) irradiating the 
transient grating with a probe beam oriented so that at 

25 least a portion of the probe beam is diffracted by the 
transient grating; (d) detecting the diffracted portion 
of the probe beam with an optical detector to generate a 
light-induced signal; and (e) analyzing the light- induced 
signal from the optical detector to determine the 

30 property of the sample. 

By "sub-beam", as used herein, is meant an optical 
field resulting from diffraction of either an excitation 
or probe beam. The excitation and probe beams may have 
the same or different wavelengths; both beams may be 

35 partially absorbed by the sample. 
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In preferred embodiments, the diffracting pattern 
includes alternating light-modulating regions having at 
least one spatial frequency, and the excitation beam is 
separated into at least a zeroth, +1, and -1 excitation 
5 sub-beam following diffracting off of the light- 
modulating regions of the diffracting pattern. In this 
case, the overlapping step may further include the step 
of passing at least the +1 and -l excitation sub-beams 
through the imaging system (e.g. , a lens or series of 
10 lenses) prior to overlapping these sub-beams on the 

sample. The imaging system then images at least one of 
the spatial f reguencies of the light-modulating regions 
of the diffracting pattern onto the sample to form the 
spatially varying optical field. Preferably, at least 
15 one of the spatial freguencies of the light-modulating 
region and the spatial varying optical field are 
equivalent. 

In still other preferred embodiments, the probe 
and excitation beams are made collinear prior to step 

20 (a) . In this case, step (a) further comprises the step 
of separating the probe beam into at least two probe sub- 
beams by passing the probe beam through the diffracting 
pattern on the first mask. Here, the probe sub-beams 
preferably pass through the imaging system prior to 

25 irradiating the grating induced in the region of the 
sample. 

In other preferred embodiments, the excitation 
beam is focussed (e.g., cylindrically focussed) onto the 
diffracting pattern prior to step (a) . In addition, the 
30 imaging system is preferably a 1:1 imaging system. In 
this embodiment, the probe beam irradiates the transient 
grating at the Bragg angle. 

In still other preferred embodiments, between 
steps (b) and (c) , the excitation sub-beams are spatially 
35 filtered with a second mask. Preferably, the first and 
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second masks are contained in a single unit, and the 
spatial filtering transmits the +1 and -l excitation and 
probe sub-beams * 

In other embodiments, the analyzing step further 
5 includes determining the dispersion of the sample. The 
dispersion may be used to determine the mechanical (e.g., 
adhesion, elastic moduli, stiffness, residual stress, and 
density), thermal, optical, or electronic properties of 
the sample. In this embodiment, the dispersion may be 
10 determined following the step of inducing multiple 

transient gratings in the sample with a single spatial 
varying optical field having multiple spatial 
frequencies. Alternatively, the dispersion is determined 
following the steps of sequentially inducing multiple 
15 transient gratings in the sample with multiple spatial 
varying optical fields, each of which has a single 
spatial frequency. 

In another aspect, the invention provides a method 
of diffracting a probe beam off a sample. The method 
20 includes: (a) providing a beam of radiation, and then 

passing the beam through a pattern on a diffracting mask 
to form at least two excitation sub-beams; (b) 
overlapping at least two excitation sub-beams on a region 
of the sample with an imaging system to generate a 
25 spatially varying optical field which excites a transient 
grating in the region of the sample; and (c) irradiating 
the transient grating with a probe beam oriented so that 
at least a portion of the probe beam is diffracted by the 
transient grating. 
3 0 In another aspect, the invention provides an 

apparatus for diffracting a portion of a probe beam off a 
sample. The apparatus includes means for generating a 
probe optical beam and an excitation optical beam 
orientated along an optical axis, and a first diffracting 
3 5 mask including an optical diffracting pattern. The 
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diffracting pattern is positioned along the optical axis 
and is configured so that, when irradiated with the 
excitation beam, the pattern diffracts the excitation 
beam to generate at least two excitation sub-beams. The 
5 apparatus also include an imaging system containing at 
least one lens positioned along the optical axis* The 
imaging system is configured to focus the excitation sub- 
beams onto a region of the sample to generate a spatially 
varying optical field which excites a transient grating 

10 which allows partial diffraction of the probe beam. 

In preferred embodiments, the diffracting pattern 
includes a series of opaque regions spaced by a distance 
which allows diffraction of visible or infrared 
radiation. Alternatively, the diffracting pattern may 

15 include a series of regions etched to a depth and spaced 
by a distance which allows diffraction of visible or 
infrared radiation. Preferably, the diffracting mask 
includes a plurality of diffracting patterns. 

In another preferred embodiment, the apparatus 

20 further includes a second, spatially filtering mask which 
includes a pair of openings. The openings are positioned 
along the optical axis so that the spatially filtering 
mask allows spatial filtering of the diffracted 
excitation sub-beams. Preferably, the spatial filtering 

25 mask includes a plurality of pairs of openings, and the 
diffracting and spatial filtering masks are contained in 
a single unit. 

Embodiments may include one of the following 
advantages. For example, a simple, linearly configured 

3 0 optical system is provided which modulates a single beam 
with a filtering mask to form a spatially periodic, time- 
dependent excitation field which can then be used to 
induce a transient grating in a sample. The system can 
be additionally configured to orient a probe beam at the 

3 5 Bragg (or phase-matching) angle using a simple optical 
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arrangement. This allows the diffraction efficiency of 
the induced grating, and the intensity of the diffracted 
probe beam, to be maximized. 

Optical alignment of the system is both simple and 
5 quick. The user need only make the probe and excitation 
beam collinear prior to interaction with the masks. The 
masks and imaging optics are used to define the 
excitation pattern (i.e., wavevector) at the sample, set 
the timing such that the excitation pulses arrive at the 
10 sample at the same time, set the probe angle of incidence 
at the Bragg angle, and provide a beam to allow for 
facile signal location and amplification. During 
operation, the wavevector of the excited phonons can be 
adjusted simply by translating the masks. These masks 
15 are the only moving parts in the system, allowing the 
measurement technique to be easily automated while 
reducing the number of optics required in the optical 
modulating system. 

When a thick grating is formed in the sample, 
20 automatic setting of the Bragg angle allows the 

diffraction efficiency of the grating to be maximized. 
This is particularly important, as diffraction efficiency 
for these gratings falls off rapidly at angles even 
within a fraction of a degree of the Bragg angle, 
25 regardless of the amplitude of the material response. 

Once irradiated, the optical modulating system generates 
multiple probe beams at the sample. One probe beam can 
serve to probe the transient grating, while another probe 
beam may serve as a "finder" beam to determine the 
30 position of the signal beam. This makes the practical 
matter of aligning weak signals into a detector trivial 
since the finder beam has a large optical intensity, and 
is thus easy to locate. This same finder beam may also 
be used for heterodyne amplification of weak signal 
35 beams. 
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Moreover, with this invention the excitation 
fields are not limited to simple sinusoidal patterns. 
For example, in some cases it may be desirable to induce 
material motions with more complex geometries or to 
5 simultaneously excite material motions at multiple 
wavevectors using complex mask patterns. 

Brief Description of the Drawings 
Fig. 1 is a schematic drawing of the optical 
elements of a sample-measuring device according to the 
10 invention; 

Fig. 2 is a perspective view of the optical 
modulating system of the sample-measuring device; 

Fig. 3 is an expanded view of the masks and 
imaging optics of the optical modulating system; 
15 Figs. 4A and 4B are, respectively, a graph showing 

the spatial dependence of the modulating regions of the 
mask, and the spatial dependence of the excitation field 
generated using the diffracting mask of the optical 
modulating system; 
20 Figs. 5A, and 5C are, respectively, the spatial 

dependencies of the excitation and probe fields after 
being diffracted by the first mask but prior to being 
filtered by the second mask, and after being diffracted 
by the first mask and filtered by the second mask; 
25 Fig. 5B is the spatial transmission function of 

the spatial filtering mask; 

Figs. 6A and 6B are, respectively, plots showing 
the time dependence of the diffracted signal from a thin 
grating generated in a film sample using the optical 
30 modulating system; 

Figs. 7A and 7B are, respectively, plots showing 
the time dependence of the diffracted signal from a thick 
grating generated in salol using the optical modulating 
system. 
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Detailed Descrint^p 
Referring to Fig. l, an optical measurement system 
10 used to excite a sample 12 and probe the resulting 
motions includes excitation 14 and probe 18 lasers which 
5 produce, respectively, excitation 16 and probe 20 optical 
beams. The excitation beam is composed of a sequence of 
pulses, while the probe beam may contain sequences of 
pulses, or alternatively, optical waveforms having 
relatively long temporal durations. Prior to irradiating 
10 the sample, the excitation beam 16 is reflected by a pair 
of optics 22, 24 which are highly reflective at the 
excitation beam wavelength and are oriented to direct the 
beam into an optical modulating system 26. The second 
high-reflecting optic 24 preferably reflects the 
15 excitation beam efficiently, and is partially transparent 
to the probe beam. For example, this optic may be a 
beamsplitter, dichroic mirror, or a thin film polarizer. 
The optic 24 allows the probe beam 20 to be oriented 
collinearly with the excitation beam 16 prior to entering 
20 the optical modulating system 26. 

The optical modulating system 26 modulates the 
single excitation beam 16 to produce a pair of spatially 
modulated excitation sub-beams 25, 25' which are 
recombined within or on the surface of the sample. The 
25 optical modulating system is configured so that the 
timing and spatial positions of the pulses in the 
excitation sub-beams 25, 25' are overlapped, resulting in 
optical interference between the two sub-beams to produce 
a spatially varying optical field which is then used to 
30 excite the sample 12. The single probe beam 20 is also 
spatially modulated by the optical modulating system 26, 
resulting in the generation of a pair of probe sub-beams 
27, 27' which, when the probe wavelength is different 
than the excitation wavelength, spatially separate from 
35 the excitation sub-beams 25, 25'. During the measurement 
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15 


process, both probe sub-beams 27, 27' are diffracted from 
the transient grating excited in the sample, resulting in 
the generation of a pair of signal beams. A single 
signal beam 28 is measured by an optical detection system 
5 30, which may include, for example, a photodetector 
electrically connected to a transient recording device. 
Measurement of the diffracted signal results in the 
generation of a status signal 32 which may be further 
processed by a computer and used to evaluate the material 
10 properties of the sample 12. 

The elements of the optical modulating system 26 
generate the spatially varying optical excitation field 
from a single excitation beam, and allow the Bragg angle 
of incidence of the probe beam to be automatically set. 
This permits data to be collected at a variety of 
excitation wavevectors with minimal alignment, thereby 
allowing the dispersive characteristics of the sample to 
be easily measured. Measurement of the dispersion 
allows, for example, material properties such as modulus 
of elasticity, thermal diffusion, adhesion, electronic 
transport, and stress to be determined in both bulk and 
thin film samples. In addition, the optical modulating 
system 26 has a simple, compact design with a minimal 
' number of optical elements, and only one movable element. 
25 This allows the sample-measurement process to be easily 
automated and performed in a rapid fashion. 

Referring now to Figs. 2 and 3, in a preferred 
embodiment, the elements of the optical modulating system 
26 are preferably disposed in a linear arrangement along 
30 an axis (indicated in the figure by the x axis) to allow 
spatial modulation of the collinear excitation 16 and 
probe 20 beams. Prior to passing through the optic 24, 
the probe beam 20 is transmitted through a first 
cylindrical lens 42 (having a focal length indicated by 
35 «F cll n ) which focuses the beam so that it is elongated 


20 
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along the z axis. Once overlapped, the excitation 16 and 
probe 20 beams are focussed with a second cylindrical 
lens 44 (having a focal length indicated by n T cl2 n ) onto a 
patterned region 4 5 of a first mask 4 6 which spatially 
5 filters both beams. The mask 4 6 is positioned at the 
focal point (F cl2 ) of the second cylindrical lens 44 so 
that the excitation beam is focussed to an elongated, 
elliptical spot which extends along the pattern 45, while 
the probe beam, previously focussed with the first 
10 cylindrical lens 42, is focussed to a small circular spot 
in the center of the elongated excitation spot. 

The patterned region 45 on the mask 46 may 
include, for example, an alternating periodic pattern of 
transmissive and opaque regions which filter the 
15 intensity of the cylindrically focussed excitation beam. 
Alternatively, the pattern may include periodic regions 
of transparent glass etched to varying depths (e.g. , A./4) 
which filter the phase of the incident excitation field. 
In both cases, interaction of the excitation 16 and probe 
20 20 beams with the patterned region 45 causes diffraction 
of these beams to form a series of sub-beams 
corresponding to different diffractive orders. 

After being dispersed and separated following 
diffraction from the first mask 46, the diverging 
25 excitation and probe sub-beams are spatially filtered by 
a second mask 48 which is displaced along the x axis from 
the first mask by a distance which allows clear spatial 
separation of the excitation and probe diffractive 
orders. This is the case when the wavelengths of the 
30 excitation and probe beams are different; when the 

wavelengths are the same, the excitation and probe sub- 
beams are not separated. The second mask 4 8 includes 
multiple pairs of openings 49, 49 ' which allow 
transmission of the selected diffractive orders from both 
3 5 the pump and probe beams. Preferably, the second mask is 
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configured so that each pair of openings corresponds to a 
separate patterned region on the first mask. The pairs 
of openings are brought into the beam path by translating 
the second mask vertically. 
5 Each diffractive order represents a different 

Fourier component of the spatially varying pattern region 
45 of the first mask 46. For example, the +1 and -1 
orders of the excitation and probe fields are first order 
Fourier components, while higher (e.g., +/-2, +/-3) and 

10 lower (e.g., the zeroth order) diffractive orders 

represent, respectively, high-frequency and DC Fourier 
components. Spatial filtering by the second mask 28 thus 
allows selected Fourier components of the diffracted 
field to pass; these components are then recombined on 

15 the sample to form the desired excitation pattern. 

The excitation 25, 25' and probe 27, 27' sub-beams 
are transmitted through the mask 40. The diffracted sub- 
beams diverge at angles of e (probe sub-beams) and <p 
(excitation sub-beams) , with each sub-beam representing 

20 either the positive 47 (e.g., +1, +2) or negative 51 
(e.g., -1, -2) orders of diffraction. The diffractive 
process depends on the spatial separation d (i.e. , the 
"wavelength") of the light-modulating regions of the 
patterned region, and on the wavelengths of the incident 

25 excitation and probe fields: 

2d sin (9) =n X prahts 
2d sin (*) =n X BXClCAClon (i) 


where n is the diffracted order. Thus, the divergence of 
the sub-beams is determined only by the excitation and 
probe wavelengths and the geometry of the patterned 
region. 

3 0 Recombination of the transmitted diffracted orders 

of the excitation and probe beams is accomplished using 
an imaging system 53. This allows: 1) spatial 
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recombination of selected excitation sub-beams, resulting 
in the generation of a spatially varying optical field in 
or on the surface of the sample; and 2) the probe sub- 
beams to be automatically oriented so that they arrive at 
5 the sample at the Bragg (i.e. phase-matching) angle. The 
imaging optics may consist of a single lens (Fig. 3) or 
two separate lenses 50 , 50' having focal lengths of, 
respectively, F 8 ll anc * ^u!2 

(Fig. 2). 

In the case where two separate lenses are used, 

10 the separation between the lenses, indicated by S in the 
figure, allows the imaging system to be used as a 
telescope to magnify or demagnify the field imaged onto 
the sample. This allows the spatial scale or size of the 
interference pattern at the sample to be adjusted by 

15 changing the separation between the two imaging lenses. 
For example, if the interference pattern is demagnified 
on the sample, the separation between light and dark 
regions will be decreased, resulting in an increase in 
the excitation wavevector. Conversely, if the pattern is 

20 magnified, the separation between light and dark regions 
is increased, and the spatial frequency of the excitation 
wavevector is decreased. 

The actual imaging process occurs at a plane 
defined as the image plane, which is determined by the 

25 focal length of a single lens or the equivalent focal 
length of the multiple-lens (e.g., a two-lens) imaging 
system. In the two-lens system, the effective focal 
length F of the imaging system is a function of F Bll , 

F b12' and S: 
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The effective "position" X of the imaging system along 
the x axis is displaced from the second lens 50' by a 
distance related to F, S, and the focal length F sll of the 
first lens 50: 


The patterned region on the mask, which represents 
the object to be imaged, is displaced from X by a 
distance CK The displacement I of the sample from X 
represents the displacement of the image plane, and is 
related to F and O by the equation: 



10 which can be rewritten as 

OF 


Thus, during imaging, the degree of magnification or 
demagnif ication M of the object, defined as M = I/O, can 
be adjusted by choosing a lens combination which gives 
the desired value of F, and by placing the sample at the 

15 appropriate distance I from X. 

In addition to imaging particular Fourier 
components of the patterned region onto the sample, the 
imaging optics can be configured to focus the transmitted 
probe beams onto the induced grating at the Bragg angle . 

20 Referring now to Fig. 3, in order for the probe beam 16 
to satisfy the Bragg phase-matching criteria, excitation 
2 0 and probe 16 beams having wavelengths A OT and k are 
spatially overlapped along an optical axis of the 
modulating system prior to irradiating the patterned 
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region 45 on the first mask 46. (In this embodiment, a 
single imaging lens is used, although it is understood 
that a multiple-lens imaging system, as shown in Fig. 2 , 
may also be used.) Diffraction generates at least a 
zeroth 65, +i 47, and -1 51 diffracted orders, with each 
order containing the excitation 25, 25' and probe 27, 27' 
sub-beams. The excitation and probe beams are separated, 
respectively, by angles <p and e from the optical axis of' 
the system. The second mask 48 is used to spatially 
filter the zeroth order 65 and transmit the +i 47 and -l 
51 orders onto an imaging lens 50 which is spaced a 
distance D from the first mask 46. The diffracted 
excitation and probe beams irradiate the lens, 
respectively, at distances z x and z 2 from the optical 
15 axis. The beams are imaged onto the sample 12 which is 
spaced a distance D from the lens 50. In this 
configuration, the distances D and D' are related by the 
equation 


10 


rf ~ f d 


(6) 


which can be rewritten as 


(D-f) {7} 


20 Following focussing by the lens 50, the diffracted orders 
47, 51 containing the probe and excitation sub-beams 
converge on the sample with angles e' and 0', which can 
be related to z x , z 2 , D, and D' : 

tax*' = £ = J^5* (8) 
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_ z 2 _ I?tan8 
tane - — 


In can be shown, then, that 
sine' _ K 


(9) 


sin<(>' X. 


N 


(10) 


To satisfy the phase-matching criteria, it is required 
that 

sin6' _ 


sin<J>' A. 


(11) 


Two conditions must be met, therefore, for the Bragg 
5 phase-matching angle to be set independently of the mask 
pattern. 


These conditions are: 

M = 1 (i.e., a 1:1 imaging system), or the 

case when 


M >- 


( — ) 
V 2d' 


!♦<-§>■] 


(12) 


10 and 


M >- 


(-^) 


(13) 
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hold for the imaging system. m addition, in the case 
where the excitation and probe wavelengths are 
equivalent, the Bragg angle for the system is 
automatically set using the optical modulating system. 
5 Thus, by making the excitation and probe beams 

collinear prior to entering the optical modulating 
system, the probe beam is diffracted by the first mask to 
produce a pair of probe sub-beams which, when conditions 
(1) or (2) are satisfied, are automatically oriented at 
10 the Bragg angle. 

Following interaction with the transient grating, 
the sub-beams incident on the sample are diffracted to 
generate a pair of signal beams 54, 54' which are 
spatially overlapped with the residual portions (i.e 
15 the non-diffracted components) of the opposing probe sub- 
beams. The presence of both diffracted (i.e., signal) 
and reflected (i.e., residual probe) beams is 
advantageous for two principal reasons. First, the 
residual beam may be used as a reference or "finder" beam 
which allows the spatial location of the signal (which is 
often weak and hard to see by eye) to be determined, 
thereby simplifying alignment of the diffracted beam into 
the detection apparatus. Second, the presence of both 
signal and reference beams allows for heterodyne 
25 amplification of the signal beam, i.e., the high- 
intensity residual beam may be used to optically 
interfere and "beat" against the weak diffracted signal 
beam, resulting in amplification of the signal. Although 
Fxgs. 2 and 3 show a sample which reflects the incident 
probe beams, transmissive samples may be monitored; the 
relative geometries for the excitation, probe, and'signal 
beams are similar for such samples. 

Referring now to Figs. 4A and 4B, the patterned 
region 68 of the first mask of the optical modulating 
system interacts with the incident excitation field to 


20 


30 


35 
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produce multiple orders of excitation sub-beams, which 
can then be recombined to generate a spatially varying 
optical field at the sample. In a preferred embodiment, 
the patterned region 68 consists of alternating, equally 
5 spaced opaque regions 70, each having a width 76, which 
are separated from each other by neighboring transparent 
regions 72. The modulating regions 70 of the mask may 
consist, for example, of a series of opaque lines formed 
by deposition of an absorbing material, such as a thin 

10 metal film, on a glass substrate which is transparent to 
the excitation and probe laser wavelengths. Masks having 
this "square-wave" transmission profile include, in 
theory, an infinite number of spatial frequency 
components, and will thus produce an infinite number of 

15 diffracted orders, with the intensity of each order 
falling off as 


3in{ >L2<LP) sin(^fE) 

T [[ X ]* " J 

sin( — x 3 3l 


2 


(14) 


where X is the wavelength of light, p - sin e, where e is 
the diffracted angle, n is the diffracted order, and d is 
' the width of the opaque regions, and s is the distance 
20 separating these regions. Multiple orders appear because 
Fourier decomposition of the square-wave pattern of the 
mask yields an infinite additive series of sine wave 
harmonics, with the fundamental frequency of the series 
equivalent to the inverse of the spacing 74. 
25 Alternatively, the modulating regions 70 of the 

mask may be fabricated to have a different thickness 
relative to the transparent regions 72 so as to spatially 
modulate the phase of the excitation field. For example,* 
if the region 70 of the pattern 68 is etched so that its 
30 thickness is X/2 less than the thickness of the adjacent 
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regions 72, then the portions of the cylindrically 
focussed excitation spot which propagate through regions 
70 will be n out of phase relative to the adjacent 
portions of the excitation field following propagation 
5 through the mask. Phase modulation, as opposed to 
amplitude modulation, may be desirable as a way of 
modulating the excitation field as the intensity of the 
field is not attenuated by the mask. 

Both the amplitude and phase-modulating masks 
10 diffract the excitation field into multiple sub-beams. 
Once when recombined in or on the sample, the excitation 
sub-beams result in an optical interference pattern in 
which the spatial separation 86 of the light 82 regions 
(or, alternatively, dark regions 84) of the optical 
15 intensity pattern 80 is a function of the spacing 74 in 
the patterned region 68 and, as described above, the 
focal and geometric properties of the imaging system. 

In general, the spacing 74 of the regions 70 on 
the pattern 68 is within a factor of between 1 and 1000 
20 of the wavelength of the optical field 80 which is imaged 
in the sample; typically the spacing is between 1 and 100 
microns. A single mask may include multiple patterns, 
with each pattern having a different spacing 74 between 
light-modulating regions 70 and thus corresponding to an 
25 excitation field having a different wavevector. The 

multiple patterns are preferably placed as close together 
as possible; for typical beam geometries, individual 
patterns are preferably separated by distances of between 
about 300-700 microns. The width 76 of the modulating 
3 0 regions is typically between 0.2 and 1.5 times the 
separation distance 74. 

In the case where it is desirable to excite 
multiple acoustic modes in the sample, with each mode 
having a separate well-defined wavevector, a patterned 
35 region on the mask may be fabricated to include multiple 
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low-frequency spatial frequency components (i.e., 
frequencies other than those used to construct the square 
wave edges) . For example, the mask may have multiple 
square or sine waves, each having a different 
5 periodicity. An excitation field having this pattern 
will excite multiple modes, allowing the dispersive 
(i.e., wavevector-dependent) properties of the sample to 
be determined using a single excitation pulse. 

The shape of the modulating regions 70 of the 
10 pattern 68 need not have a square-wave profile. For 
example, the pattern may vary sinusoidally along the z 
dimension. This geometry, as opposed to the square-wave 
pattern which essentially requires an infinite number of 
spatial frequencies to construct the sharp edges of the 
15 waveform, contains only a single frequency component 
equal to the spatial frequency of the sine wave. The 
intensity of the field diffracted by the sine wave 
pattern is primarily distributed between a DC component 
(i.e., the zeroth order) and the +1 and -1 dif tractive 
20 orders. In this embodiment, therefore, a larger fraction 
of the incident excitation field is concentrated in the 
first-order excitation sub-beams. 

In another embodiment, multiple masks, each having 
a different spatial frequency, may be stacked 
25 sequentially along the z axis and used to generate an 

optical field containing multiple excitation wavevectors. 
In addition, other patterns, such as a series of 
concentric rings, may also be included on the mask and 
imaged onto the sample. 
30 The patterned regions of amplitude and phase masks 

are fabricated using deposition techniques well-known in 
the art, such as chemical vapor deposition, RF and 
magnetron sputtering techniques, and standard micro- 
lithographic (i.e., photo- lithographic) techniques. 
35 These methods are described, for example, in 
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^ pirnnductor lithography : Pr inciples. Practices . and 
Materials . Wayne M. Moreau (1988), and Wavefr<?nt 
Rnaineerip rr for Photolithography, Mark D. Levinson, the 
contents of which are incorporated herein by reference. 
5 Both square and sine wave patterned masks are also 

available commercially from, for example, Sine Patterns 
or Applied Image Inc. Phase-modulating masks may be 
formed, for example, using glass etching techniques known 
in the art, such as those described in the above- 

10 mentioned references. 

Once the excitation and probe beams are diffracted 
from the patterned region of the first mask, the second 
mask is used to spatially filter the diffracted field to 
allow selection of the diffracted orders which are to be 

15 imaged onto the sample. Referring now to Figs. 5A and 
5C, following diffraction by the first mask, the optical 
intensities of the diverging sub-beams, indicated by the 
ordinate axes in the figures, vary as a function of the 
divergence along the z axis. The figures represent the 

20 spatial intensity profile of the diffracted excitation 
and probe sub-beams measured along a plane which is 
adequately spaced from the first mask, thereby allowing 
clear separation of the diffracted orders and the sub- 
beams within each diffracted order. The zeroth 

25 diffracted orders 100, 102 of both the excitation and 

probe sub-beams, representing the spatial DC component of 
the diffracted field, do not diverge and remain spatially 
overlapped following interaction with the diffracting 
mask. The +1 and -1 orders, indicated, respectively, by 

30 brackets 104 and 104', contain the +1 and -1 probe 106, 
106' and excitation 108, 108' sub-beams. The separations 
between the DC components 100, 102 and the excitation and 
probe sub-beams of the +1 and -1 orders, indicated by the 
arrows 103 and 105, are a function of the configuration 

35 of the pattern on the mask, the wavelengths of the 
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excitation and probe fields, and the separation between 
the plane of the diffracted field and the mask. in the 
case where the pattern on the diffractive mask is 
configured to generate multiple diffractive orders (i.e., 
5 a square wave diffracting pattern), probe no, no' and 
excitation 112, 112' sub-beams will be present in the +2 
and -2 diffractive orders indicated, respectively, by the 
brackets 114 and 114'. Higher diffracted orders, 
although possible, are not shown in the figure. 
10 The second mask is chosen to have a transmission 

function which spatially filters the diffracted pattern, 
thereby selecting, for example, a single pair of 
diffractive orders. Referring now to Figs. 5B and 5C, a 
mask which allows selection of the +1 and -1 diffractive 
15 orders has non-transmissive regions 120, 122, 122' which 
block the DC and higher-order diffracted components, 
thereby preventing these sub-beams from propagating onto 
the sample. Transmissive regions 124, 124' are disposed 
to allow four beams, i.e., the +i and -l orders 104, 104' 
20 each containing the excitation 108, 108' and probe 106, 
106' sub-beams, to propagate onto the sample. In 
embodiments, the non-transmissive regions in the second 
mask may be composed of an absorbing or reflecting 
substrate, such as a metal or plastic plate, and the 
25 transmissive regions may consist of apertures where the 
substrate has been removed. 

The width of the transmissive region in the second 
mask, indicated by the arrow 126, is chosen to allow 
passage of both the excitation and probe sub-beams of the 
30 selected diffraction order. This width is dependent on 
the cumulative spatial extension of the diffracted 
excitation and probe sub-beams, and, as described 
previously, is determined by the wavelengths of the 
excitation and probe fields, the spacing of the 
35 modulating regions in the diffracting pattern, and the 
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separation between the dispersed fields and the first 
mask. Typically , the transmissive regions have widths of 
between 0 . 5 and 2.0 an. 

During operation, the diffractive patterned 
5 regions on the first mask are aligned with respect to the 
spatial filtering patterns on the second mask so that the 
two masks can preferably move vertically and in concert, 
thereby allowing rapid, automated adjustment of the 
different excitation fields. The masks should be mounted 

10 so that the diffracting and filtering patterns are 

aligned at the same height and positioned symmetrically 
along the optical axis of the system. For example, the 
two masks may be mounted on a mechanical translation 
stage whose position can be controlled manually or by 

15 using a motorized drive and a computer. In this manner, 
data can be sequentially taken at a number of wavevectors 
to allow determination of various points along the 
dispersion curves of bulk and thin film samples. 
Alternatively, in order to reduce the number of 

20 components of the optical modulating system, both masks 
can be formed on a single substrate. For example, the 
diffracting, spatially periodic pattern may be formed on 
one surface of a glass plate, and the spatially filtering 
pattern may be formed on the opposing surface. In this 

25 case, the diffracting and filtering patterns are 

positioned relative to each other as described above, and 
the substrate must be thick enough to allow the 
diffracted sub-beams to adequately disperse before 
impinging the spatially filtering surface. 

30 Once data is collected for a particular 

wavevector, the masks are translated so that new 
diffracting and filtering patterns are used to generate 
an excitation field at a new wavevector, and the data- 
collection process is repeated. Alternatively, a single 

3 5 pattern containing several distinct spatial frequencies 
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may be used to modulate the incident excitation beam, and 
a second mask is used to select the desired Fourier 
components of the fields to be imaged onto the sample. 
In this embodiment, multiple excitation and probe beams, 
5 each corresponding to a different excitation wavevector, 
are diffracted by the first mask, and are then recombined 
on the sample and used to generate multiple signal beams, 
which may then be detected and analyzed. This allows the 
entire dispersion of the sample to be determined during a 

10 single excitation probe event. 

The optical sources and detection electronics 
which may be used with the optical modulating system have 
been described previously in J. A. Rogers et al., J m Appl. 
Phys. 75:1 (1994) and A.R. Duggal et al., U.S. S.N. 

15 07/910,762, the contents of which are incorporated herein 
by reference. Briefly, in order to impulsively generate 
material motions in a sample (using, e.g., ISTS or ISBS) , 
the excitation beam is pulsed, and may be generated using 
a light source which is Q-switched, mode-locked, or both. 

20 The pulse duration of the excitation field must be short 
enough to impulsively stimulate material motions in the 
film. For example, in order to excite acoustic 
processes, the output pulse preferably has a duration of 
between 100 picoseconds and 5 nanoseconds. The energy of 

25 the output pulse is preferably between 0.1 and 5 

milli joules. In addition, the repetition rate of the 
pulses must be high enough to allow suitable data 
averaging (when necessary) , but low enough to allow the 
thermal properties of the sample to recover between laser 

3 0 shots. Preferably, the repetition rate is between 1 and 
2000 Hz, with the rate being adjusted for measurement of 
different types of samples. For samples which easily 
damage, such as thin polymer films, it may be preferable 
to reduce the repetition rate of the excitation laser. 
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In order to created excited-state transient 
gratings (e.g. f gratings of electron-hole pairs, or other 
excitonic species) , the carrier frequency of the 
excitation beam is such that it is absorbed by the 
5 sample. If the excitation wavelength is below the 

absorption energy of the sample, the beam may first be 
passed through one or more non-linear optical devices, 
such as a frequency-doubling or frequency-tripling 
crystal, which can be used to generate higher-order 

10 harmonics (e.g. , second or third order harmonics) of the 
fundamental frequency. Alternatively, if the sample is 
excited using mechanisms which do not rely on optical 
absorption (e.g. , ISRS or ISBS processes) , the excitation 
light need not be absorbed by the sample. 

15 Once excited, the time-dependent properties of the 

sample are recorded by monitoring the time-dependent 
diffraction of the probe beam, which is preferably 
derived from a continuous wave (cw) single-mode laser 
producing between 0.1 and 1 Watt in the visible frequency 

20 range (e.g., 514 nm) with a flat intensity profile. In 
certain embodiments, in order to measure the entire time 
dependence of the transient grating induced in the sample 
(which, e.g., may take place over several hundreds of 
microseconds) , a well-defined probe waveform is generated 

25 by electro-opt ically modulating the cw probe beam with a 
light modulator which controls both the duration and 
shape of the probe waveform. Preferably, in this case, a 
probe pulse having a square-wave profile is generated. 
The waveform has a time duration slightly longer than the 

30 time-dependent motions in the film. The pulse preferably 
has a temporal duration on the order of between 1 and 100 
microseconds. Alternatively, a Q-switched laser 
producing a pulse duration greater than about 100 ns may 
be used as the probe laser. In this case, the pulse may 

35 be frequency doubled or tripled prior to interacting with 
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the sample. In still other embodiments, the diffracted 
signal may be mapped out in a point-by-point basis, using 
a pulsed probe beam as described in Duggal et al . , 
U.S. S.N. 07/910,762. 
5 The probe waveform diffracted from the transient 

grating induced in the sample is preferably detected with 
a time-resolving photodetector . This allows the entire 
time dependence of the excited region of film to be 
measured with a single probe waveform. For especially 
10 weak signals, a lens may be used to focus the diffracted 
beam on the optically active region of the detector, 
thereby increasing the intensity of the signal. For 
particularly noisy or weak signals, signal-enhancing 
electronics, such as high-speed amplifiers, may be used 
15 in combination with the photodetector. For signals 

detected on a point -by-point basis, photodetectors having 
long time constants may be used to generate the light- 
induced signal. 

Light sources other than Nd:YAG lasers may be used 
20 to optically excite the film. Suitable lasers include, 
among others, NdrYLF, ion (e.g., argon and krypton), 
Ti: Sapphire, diode, C0 2 , holmium, excimer, dye, and 
metal-vapor lasers. Similarly, light sources other than 
cw argon ion lasers may be used as the probe laser. 
25 Alternative lasers include diode and krypton ion lasers. 
Pulsed light sources which may be used to generate the 
probe beam include Q-switched Nd : YAG , NdrYLF, 
Ti: Sapphire, diode, co 2 , holmium, excimer, dye, and 
metal-vapor lasers . 
30 The samples which may be monitored with the method 

and apparatus described herein may be bulk (e.g., solids 
such as metal or semiconductors), thin films (e.g., 
polyimide, semiconductor, or metal films), fluids, 
surfaces or other samples exhibiting time-dependent 
3 5 material motions. The material properties which can be 
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determined in these samples include mechanical, elastic, 
(depth-dependent and/or anisotropic) diffusive, adhesion- 
based, thermal (e.g., thermal dif fusivities) and viscous 
properties associated with the damping of acoustic waves. 
5 In addition, electron relaxation lifetimes, electron-hole 
recombination times, exciton lifetimes, and bi-exciton 
lifetimes may additionally be determined in, for example, 
metal and semiconductor samples. 

In bulk systems the dispersion of the acoustic 
10 properties allows the frequency dependence of the 
mechanical (e.g., bulk or shear) modulus to be 
determined. Additionally, measurement of the thermal 
diffusion dynamics allows the thermal diffusivity for the 
bulk system to be determined. In thin film systems, the 
15 acoustic information that is obtained allows 

determination of the degree of adhesion, delamination 
properties, and the elastic, shear, and longitudinal 
moduli, as well as anisotropics in these properties. 
Depth-dependent properties and residual stresses in thin 
20 films can also be determined. 

The following are examples of the use of the 
optical modulating system to generate and measure 
transient motions in bulk and thin film samples. 
Examples 

25 The material motions of thin polyimide film 

samples adhered to silicon substrates were measured by 
passing an excitation beam through the optical modulating 
system described herein, resulting in the excitation of a 
transient grating in the sample. Following excitation, 

30 the temporal dynamics of the grating were monitored using 
a probe beam delivered to the sample using a separate 
optical system. 

In the data reported, waveguide modes in the film 
were excited using a Q-switched, mode- locked, and cavity- 

35 dumped Nd : YAG laser. The output pulse had an energy of l 
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millijoule, a wavelength of 1064 run, a pulse duration of 
100 ps, and a repetition rate of up to 1 kHz. The light 
from this laser was first attenuated and then passed 
through a lithium triborate (LBO) crystal to yield light 
5 at 532 nm, which was then mixed with the remnant 1064 nm 
radiation in a £-barium borate (BBO) crystal to yield 
excitation pulses of approximately 20 micro joules at 355 
nm. This light was then attenuated to yield -1 
micro joule pulses that were used for excitation of the 
10 films. 

The excitation pulses were focussed on the 
patterned region of the mask using a cylindrical lens 
having a focal length of 15 cm to produce a beam size of 
about 1 cm (z direction) by 300 microns (x direction) . 

15 The patterned region permitted modulation of the 
amplitude of the excitation beam, and consisted of 
alternating light-absorbing regions spaced by transparent 
regions, resulting in a pattern having a square-wave 
spatial profile. In the patterned region, the light- 

20 absorbing regions were spaced by a distance of 6 microns, 
with each region having a width of 6 microns. The light- 
absorbing regions of the second patterned region of this 
same mask were spaced by a distance of 12 microns, with 
each region having a width of 12 microns. The second 

25 mask was spaced by a distance of 2 cm from the first 

mask, and contained a series of two square openings for 
spatial filtering of the diffracted excitation sub-beams. 
In the first series of openings, the transmitting regions 
had an area of 1 cm 2 and were spaced by a distance of 4 

30 cm. The transmitting regions of the second series had an 
area of 1 cm and were spaced by a distance of 2 cm. 

The imaging system used to image the spatial 
patterns of the masks onto the sample consisted of a 
single lens having a focal length of 20 cm. The lens was 

3 5 separated from the first mask by a distance of 4 0 cm. 
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The imaging lens was displaced by a distance of 40 cm 
from the sample. Recombination of the excitation sub- 
beams using this imaging system and the two masks 
resulted in spatially varying optical excitations 
5 patterns at the sample having wavevectors equal to the 
spatial frequency of the patterned regions of the masks. 

Material motions in the film were recorded in 
real-time by monitoring the time-dependent diffraction of 
a probe pulse spatially overlapped with the induced 
10 transient grating. The probe pulse had a duration of 
about 150 ns, and was derived from Q-switched Nd : YAG 
laser. Prior to irradiating the sample, the probe beam 
was frequency-doubled to a wavelength of 532 nm. The 
probe beam was then focussed at an angle of 15 • to a 100- 
15 micron diameter spot on the transient grating. The 

diffracted component of the probe beam was measured with 
a fast amplified photodiode (Antel; 2 GHz bandwidth) . 
The light-induced signal was then sent to a transient 
digitizer (Tektronics DSA 602A; 1 GHz bandwidth) , 
20 resulting in generation of digital signal for analysis. 
The combination of the photodiode and transient digitizer 
effectively provided a 1 GHz-bandwidth window through 
which the film's oscillatory and relaxational motions 
were monitored. 

25 Data was generated by passing the excitation beam 

through the first set of patterns on the two masks, 
signal averaging for 20 laster shots, and then 
mechanically adjusting the masks so that the excitation 
beam was modulated by the second set of patterns. 

30 Referring now to Figs. 6A and 6B, typical data taken from 
the silicon-bound polyimide films using the above- 
identified optical system illustrates the time-dependent 
nature of the measured signal. The oscillatory component 
of the data is due to the coherent, periodic motions of 
35 the excited waveguide modes. The difference in frequency 
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between the two data scans is due to excitation of the 
film with different wavevectors. Damping of these modes, 
shown in the data (after several hundred nanoseconds) as 
a decrease in the amplitude of subsequent oscillations, 
5 is due to viscous losses in the polyimide material. The 
two data scans, taken with different excitation 
wavevectors adjusted during a time period of just 19 
seconds, demonstrate that the optical modulation system 
can be used to change the wavevector of the excitation 
10 pattern in very rapid fashion, and can additionally be 
used to generate data having high signal-to-noise ratios. 

In a separate experiment, the first and second 
masks described above were used to sequentially modulate 
the excitation and probe beams in order to monitor the 
15 response of the liquid salol at room temperature. In 
this case, the sample was optically excited throughout 
the bulk (i.e., in the thick-grating regime) using the 
fundamental frequency from the Nd:YAG laser described 
above. The transient grating was probed using the output 
20 from a cw single-mode Argon ion laser (Lexel 3500) 

producing 1 Watt at 514 nm with a flat intensity profile. 
This output was electro-pptically modulated (Conoptics 
380) to yield a square pulse having a temporal width of 
100 microseconds. The signal beam was detected using the 
25 photodetector and transient digitizer described above. 
In this experiment, the excitation and probe beams were 
made collinear prior to modulation with the diffracting 
and spatial filtering masks, and 1:1 imaging optics (i.e. 
M = 1) were used, thereby ensuring that the phase- 
30 matching criteria were satisfied by the probe beam. 

Referring now to Figs. 7A and 7B, two sets of data 
were generated using a first mask with amplitude- 
modulating regions 6 microns wide, and 6 microns apart. 
The second mask used to filter the diffracted beam had 
35 two openings, each with an area of 1 cm 2 and spaced by a 
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distance of 4 cm. The first order diffracted components 
of the pattern on the first mask were imaged onto the 
sample, resulting in a sinusoidally varying excitation 
field having a spatial periodicity of 6 microns. The 
5 diffracted signals were measured during short (i.e., 600 
ns; Fig. 7A) and long (i.e., 110 microseconds; Fig. 7B) 
time windows. 

The high signal-to-noise ratios of the data scans 
illustrates that the Bragg angle is accurately set using 
10 the masks. (If the probe were not incident at the Bragg 
angle, the diffracted signal would be too weak to 
measure.) In the experiments, the residual probe sub- 
beam overlapped with the signal beam was used as a finder 
beam to allow facile alignment of the signal into the 
15 photodetector . As before, the coherent oscillations in 
the data were due to the induced acoustic processes in 
the samples, while the long-time exponential decay is due 
to thermal diffusion. 

Other embodiments are within the scope of the 
20 following claims. 

What is claimed is: 
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1. A method of determining a property of a 
sample, said method comprising: 

(a) providing a beam of radiation and then passing 
the beam through a pattern on a diffracting mask to form 

5 at least two excitation sub-beams; 

(b) overlapping at least two excitation sub-beams 
on a region of the sample with an imaging system to 
generate a spatially varying optical field which excites 
a transient grating in the region of the sample; 

10 ( C ) irradiating the transient grating with a probe 

beam oriented so that at least a portion of the probe 
beam is diffracted by the transient grating; 

(d) detecting the diffracted portion of the probe 
beam with an optical detector to generate a light-induced 

15 signal; and 

(e) analyzing said light-induced signal from the 
optical detector to determine the property of the sample. 

2. The method of claim 1, wherein the diffracting 
pattern comprises alternating light-modulating regions 

20 having at least one spatial frequency, and the excitation 
beam is separated into at least a zeroth, +1, and -1 
excitation sub-beam by diffracting the excitation beam 
off of the light -modulating regions of the diffracting 
pattern . 


25 3. The method of claim 2, wherein said 

overlapping step further comprises the step of passing at 
least the +1 and -1 excitation sub-beams through the 
imaging system prior to overlapping the excitation sub- 
beams on the sample. 
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4. The method of claim 3, wherein the imaging 
system images at least one of the spatial frequencies of 
the light-modulating regions of the diffracting pattern 
onto the sample to form the spatially varying optical 

5 field. 

5. The method of claim 4, wherein at least one of 
the spatial frequencies of the light-modulating region 
and the spatial varying optical field are equivalent. 

6. The method of claim l, wherein the excitation 
10 beam is focussed onto the diffracting pattern prior to 

step (a). 

7. The method of claim 6, wherein the excitation 
beam is cylindrically focussed onto the diffracting 
pattern . 

15 8 * Tne method of claim 1, wherein the probe and 

excitation beams are made collinear prior to step (a) . 

9. The method of claim 8, wherein step (a) 
further comprises the step of separating the probe beam 
into at least two probe sub-beams by passing the probe 

20 beam through the diffracting pattern on the first mask. 

10. The method of claim 8, wherein said probe 
sub-beams pass through the imaging system prior to 
irradiating the grating induced in the region of the 
sample . 

25 11 • T he method of claim 10, wherein the imaging 

system is a 1:1 imaging system. 
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12. The method of claims 1 or 9, wherein between 
steps (b) and (c) said excitation sub-beams are spatially 
filtered with a second mask. 

13. The method of claim 12, wherein the first and 
5 second masks are comprised in a single unit. 

14 . The method of claim 12 , wherein said spatial 
filtering transmits the +1 and -1 excitation and probe 
sub-beams . 

15. The method of claim 1, wherein said analyzing 
10 step further comprises determining the dispersion of the 

sample . 

16. The method of claim 15, wherein the 
dispersion is used to determine the mechanical, thermal, 
optical, or electronic properties of the sample. 

15 17, The method of claim 16, wherein the 

mechanical property is one of adhesion, elastic moduli, 
stiffness, residual stress, and density. 

18. The method of claim 15, wherein the 
dispersion is determined following inducing multiple 

2 0 transient gratings in the sample with a single spatial 
varying optical field having multiple spatial 
frequencies. 

19. The method of claim 15, wherein the 
dispersion is determined following sequentially inducing 

25 multiple transient gratings in the sample with multiple 
spatial varying optical fields, each having a single 
spatial frequency. 
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20. A method of diffracting a probe beam off a 
sample, said method comprising: 

(a) providing a beam of radiation and then passing 
the beam through a pattern on a diffracting mask to form 

5 at least two excitation sub-beams; 

(b) overlapping at least two excitation sub-beams 
on a region of the sample with an imaging system to 
generate a spatially varying optical field which excites 
a transient grating in the region of the sample; and 

D (c) irradiating the transient grating with a probe 

beam oriented so that at least a portion of the probe 
beam is diffracted by the transient grating. 


21. An apparatus for diffracting a portion of a 
probe beam off a sample, comprising: 
15 means for generating a probe optical beam and an 

excitation optical beam orientated along an optical axis, 

a first diffracting mask comprising an optical 
diffracting pattern, said diffracting pattern being 
positioned along the optical axis and being configured so 
20 that when irradiated with the excitation beam, said 
pattern diffracts the excitation beam to generate at 
least two excitation sub-beams; 

an imaging system comprising at least one lens 
positioned along the optical axis, said imaging system 
25 configured to focus the excitation sub-beams onto a 
region of the sample to generate a spatially varying 
optical field which excites a transient grating in the 
region of the sample, said grating allowing diffraction 
of a portion of the probe beam off of the excited region 
30 of the sample. 

22. The apparatus of claim 21, wherein said 
diffracting pattern comprises a series of opaque regions 


BNSDOCID: <WO 9623197A1 J_> 


PCT/US96/00552 

WO 96/23197 r 


- 36 - 

spaced by a distance which allows diffraction of visible 
or infrared radiation. 

23. The apparatus of claim 21, wherein said 
diffracting pattern comprises a series of regions etched 

5 to a depth and spaced by a distance which allows 
diffraction of visible or infrared radiation. 

24. The apparatus of claim 21, wherein said 
apparatus further comprises a second, spatially filtering 
mask comprising a pair of openings, said openings 

10 positioned along the optical axis so that said spatially 
filtering mask allows spatial filtering of said 
diffracted excitation sub-beams. 

25. The apparatus of claim 24, wherein the 
diffracting and spatial filtering masks are comprised in 

15 a single unit. 

26. The apparatus of claim 24, wherein said 
filtering mask comprises a plurality of pairs of opening. 
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MEASUREMENT OF MATERIAL PROPERTIES 
WITH OPTICALLY INDUCED PHONONS 

Field of the Invention 
5 This invention relates to the measurement of 

material properties using optically induced phonons. 

Background of the Invention 
Laser Induced Phonons (LIPS) are produced by time- 
coincident laser pulses intersecting inside a sample , 
10 setting up an optical interference pattern, i.e., 

alternating intensity peaks and nulls. Energy deposited 
into the system via optical absorption or stimulated 
Brillouin scattering results in the launching of 
counterpropagating ultrasonic waves (phonons) whose 
15 wavelength and orientation match the interference pattern 
geometry. The mechanism by which LIPS ultrasonic waves 
are generated depends upon whether the sample is 
optically absorbing or transparent at the excitation 
wavelength. If the excitation pulses are absorbed e.g. 
2 0 into high-lying vibronic levels, rapid radiationless 
relaxation and local heating at the interference maxima 
(the transient grating peaks) occurs. Thermal expansion 
then drives material in phase away from the grating peaks 
and toward the grating nulls, setting up 
25 counterpropagating waves. 

In samples which are transparent at the excitation 
wavelength, optical energy is coupled directly into the 
sample's acoustic field via stimulated Brillouin 
scattering. This process takes advantage of the inherent 
30 spectral line width in 100-picosecond (psec) excitation 
pulses. Higher-frequency photons from each pulse are 
annihilated to create lower-frequency photons in the 
opposite pulse and phonons of the difference frequency 
and wave vector in the medium. Counterpropagating waves 
35 (a standing wave) are thus produced. 
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In either case the acoustic wave propagation, 
which continues after the excitation pulses leave the 
sample, causes time-dependent, spatially periodic 
variations in the material density, and since the 
5 sample's optical properties (real and imaginary parts of 
the index of refraction) are density-dependent, the 
irradiated region of the sample acts as a Bragg 
diffraction grating. This propagation of the optically 
excited ultrasonic waves can be optically monitored by 
10 time-dependent Bragg diffraction of a variably delayed 
probe laser pulse. 

Summary of the Invention 
An object of the invention is to make LIPS 
(alternatively referred to herein as Impulsive Stimulated 
15 Thermal Scattering or ISTS) measurements by reflectance 
of a probe beam from the sample surface without regard to 
the absorbance of the probe beam by the sample. Another 
object is to make LIPS measurements without regard to 
sample type or thickness. A particular object is the 
20 analysis of thin, polymer samples by LIPS-ref lectance 
with a non-absorbing probe laser. 

The phenomenon which allows realization of these 
objects is believed to be the inducement of a physical 
surface morphology or 'ripple' in response to laser 
25 excitation. It has been discovered that the surface 

ripple phenomenon can be selectively induced based on the 
nature of the sample, e.g. sample stiffness and thickness 
and the angle of incidence and wavelengths of the 
excitation radiation and selectively detected or analyzed 
30 by control or monitoring of parameters such as angle of 
incidence, polarization and intensity of a probe beam 
reflected from the ripple ..mprphology. The discovery^ 
enables advantages in terms of the samples that can be 
analyzed, including ultrathin polymer films, in terms of 
15 the rate at which data can be obtained, such as obtaining 
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the full transient signal induced by each excitation 
laser shot, and in terms of the type and accuracy of data 
that can be obtained, including more accurate subtraction 
of probe pulse contribution from the signal and the 
5 collection of new data such as acoustic dampings rates 
(attenuation) , thermal conductivity and film 

delamination. 

In a particular example, excitation of a sample 
using optically absorbing wavelengths can be used to 
10 induce the physical morphology, preferably in the form of 
a periodic grating on the surface of a sample. The 
grating morphology can be interrogated by reflectance of 
a probe laser from the surface without regard to the 
probe laser wavelength and in particular, allowing the 
15 use of a probe laser not substantially absorbed by the 
sample. The sample may be of various types. A 
particular example is the analysis of thin polymer films. 
The films, which may be uv-absorbing and visible- 
transmitting, may be excited by UV pulses and 
20 interrogated by reflectance with visible pulses. For 

very thin samples, e.g., 500, 30, 10 or even 1/tm or less, 
this operational mode is particularly advantageous since, 
with a non-absorbing probe laser, sample heating which 
can easily damage thin samples, is reduced. It is also 
25 an advantage that samples can be interchanged without the 
need for selecting new probe laser wavelengths. 
Alternatively, in the case of thin samples, e.g., polymer 
films, acoustic waves may also be excited through 
impulsive Brillouin scattering in which case the 
30 excitation pulses need not be absorbed by the sample. 

Another object is to make measurements quickly, 
with fewer laser shots, to make it possible to observe 
changing sample properties with high time resolution. 
Employing techniques of the invention, LIPS measurements 
35 may be made in real time. An excitation pulse having a 
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short pulse width compared with the phonon oscillation 
period may be employed in combination with a high power 
probe laser having a relatively long pulse width such 
that a substantial time-portion, in many cases all, of a 
5 sample's transient time dependent response from each 
excitation pulse can be measured. While a high power 
probe may be particularly useful in some circumstances, 
alternatively, it has been discovered that signal can be 
obtained using a relatively low power probe, e.g. about 1 
10 watt, provided by a CW source such as an argon ion laser. 
In either case, the probe signal from successive 
excitation pulses may be signal averaged to increase 
signal to noise. The detection electronics are selected 
so they have sufficiently fast response times to permit 
15 time resolution of the phonon oscillations. Operation in 
these modes is, again, particularly advantageous for 
thin, polymer samples since the number of excitation 
pulses can be reduced and thus the number of heating 
cycles, which can potentially damage thin, fragile 
20 samples can also be reduced. For a probe which has a 
short width compared to the lifetime of the transient 
response, a temporal delay between excitation and probe 
pulses may be varied to interrogate the sample at 
different time segment stages in its response evolution, 
25 The term "polymers" as used herein refers to 

molecules composed of sequences of repeating monomer 
units connected by covalent bonds. A particular polymer 
is generally not made up of a single molecular species. 
Rather, polymers are mixtures of macromolecules with 
30 similar structures and molecular weights that exhibit 

some average characteristic properties. The polymers may 
be homopolymers or copolymers, linear or branched, cross- 
linked or bonded by electrostatic interaction such as 
hydrogen bonds. The polymers may be elastomers, 
35 thermoplastics and may include plasticizers, stabilizers, 
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anti-oxidants and lubricants. Polymers may be crystalline 
in the sense that long segments of linear polymer chains 
are oriented in a regular manner with respect to one 
another. Such crystalline regions of a polymer are 
5 referred to as crystallites. Amorphous, noncrystalline 
regions generally lie between the crystallites and 
constitute defects in the crystalline structure. 

A "sample" such as of a polymer may include 
additives, e.g., chromophores incorporated within the 
10 polymer mass (typically not covalently bonded) for 
enhancing absorbance of the sample at a particular 
wavelength such as a desired excitation or probe 
wavelength. A "pure sample" as used herein contains no 
such additive. 

15 The term "absorption", as used herein, includes 

absorption of electromagnetic radiation by ground or 
excited states of the sample molecule. Particular 
aspects of the invention use LIPS in the reflectance mode 
where the absorbance of the probe is less than the 

20 absorbance of the excitation. Particularly the probe 
absorbance is 50%, 10% or even 1% or less than the 
excitation absorbance. In some cases, no absorbance of 
the probe beam by the sample can be detected. Molar 
absorptivities (E) at the probe wavelength may be less 

25 than 1000 or 100. Absorption may be less than about 10% 
of the maximum absorption (which may be relative to 
complete absorbance) in a wavelength region (e.g., UV, 
visible, infrared), typically less than 1%. The 
excitation wavelength is selected such that the 

30 absorbance is sufficient to give rise to a periodic 
morphology on the sample surface, detectable as a 
diffraction signal. 

In a particular aspect, the invention features an 
apparatus for measuring the properties of a sample of 

35 material. The apparatus includes a first, excitation 
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source for producing excitation radiation adapted to 
impinge upon the sample of material* The excitation 
radiation is comprised of pulsed radiation composed of at 
least two component pulses which interfere within the 
5 sample. The excitation radiation is sufficient to induce 
a transient phonon in the material which gives rise to a 
transient, time dependent periodic ripple morphology on a 
surface of the sample. A second, probe source is 
provided for producing probe radiation arranged to 
10 reflect from the periodic ripple morphology on the 

surface of the sample to form a diffraction signal. A 
detector detects the diffraction signal from the probe 
source radiation reflected from the surface, and an 
analyzer selectively analyzes the diffraction signal 
15 formed by the transient ripple morphology. 

In another particular aspect, a method for 
measuring the properties of a sample. The method 
includes impinging a pulse of excitation radiation upon 
the sample. The excitation radiation is composed of at 
20 least two component pulses which interfere within the 
sample and are selected to induce a transient phonon in 
the sample which gives rise to a transient, time 
dependent ripple morphology on a surface of the sample. 
Probe radiation is reflected from the periodic ripple 
25 morphology on the surface of the sample to form a 

diffraction signal. The diffraction signal from the 
probe source radiation reflected from the ripple 
morphology is selectively detected. 

In another particular aspect, the invention 
3 0 features an apparatus for measuring the properties of a 
thin sample of polymeric material. The apparatus 
includes a first, excitation laser source for producing a 
pulse of radiation adapted to impinge upon the sample. 
The excitation source is a pulsed source composed of at 
35 least two component pulses which interfere within the 
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thin film. The excitation radiation is adapted to induce 
a transient phonon in the material. A second, probe 
laser source is provided for producing radiation. The 
probe radiation is of selected wavelength not 
5 substantially absorbed by the sample and arranged to 
reflect from the surface of the sample to form a 
diffraction signal. A detector detects the diffraction 
signal. 

The features of the above aspects can be combined. 

10 Apparatus features can be used in method inventions. In 
addition, in various aspects the invention may include 
one or more of the following features. The radiation 
from the probe source is absorbed about 50%, 10% or 1% or 
less than the radiation from the excitation source or 

15 there is no detectable or substantial absorbance by the 
sample at the probe wavelength. The excitation source of 
radiation is in the ultraviolet. The probe source is in 
the visible. The sample is a thin sample, e.g., on the 
order of about 500, 30 or 10 jtm or less, and the 

20 excitation radiation is absorbed by the sample. The 
sample is a thin polymeric film. The film is a free- 
standing film or disposed on a support. The probe 
radiation is diffracted from the surface of the sample. 
The probe beam and detector are for detecting a 

25 substantial time-portion of the time-dependent 

diffraction signal, induced by each excitation pulse such 
as the entire detectable time-dependent diffraction 
induced by each excitation pulse. The probe radiation is 
of a selected pulse width and the detector is adapted to 

30 detect the time dependent diffraction for the duration of 
the probe pulse. The excitation pulse width is on the 
order of psec duration and the probe pulse width is on 
the order of nanosecond (nsec) duration (e.g. generally 
greater than 10 nsec, e.g. around 100 ns) . The detector 
3 5 has a time resolution on the order of 1 nsec. A signal 
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averaging means is provided for signal averaging the 
diffracted radiation from multiple excitation pulses. The 
probe pulse has a peak power output (power during the 
laser on-time) of about 1000 watts or greater, such as 
5 around 10,000 watts. The probe laser is a Q-switched YAG 
laser. The excitation pulse is generated from a pulsed 
laser and the probe pulse can be generated from a CW 
laser having for example a laser power output of around 1 
watt, such as a gated argon ion laser. The polymer 
10 sample is a pure polymer sample. 

Various aspects may also include one or more of 
the following features. The diffraction signal is 
analyzed to selectively analyze diffraction from surface 
ripple. The analyzer includes a polarizer for 
15 determining change of polarization of the probe beam 

after diffraction to selectively analyze diffraction from 
the surface morphology. The analyzer may also be for 
analyzing the signal as a function of wavevector to 
selectively analyze diffraction signal from the ripple 
20 morphology. The angle of incidence of the probe beam 
and/ or the excitation beam or the wavelength of the 
excitation beam may be varied to optimize diffraction 
from the ripple morphology. The diffraction signal is 
produced by reflection of the probe beam from the back 
25 surface of a sample, opposite the radiation sources or 
the front surface or both. The system is adapted for 
determining adhesion and/or thermal diffusion of the 
polymer sample on a substrate surface from the 
diffraction signal. 
3 0 The invention has many advantages and 

applications. It is demonstrated below that ISTS 
experiments with real-time data acquisition rates are 
possible and can be applied to studying the pseudo- 
Ray leigh acoustic modes that propagate in thin film 
35 coatings. Real-time data acquisition can be crucial in 
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avoiding optical damage to polymer films. The diffracted 
ISTS signal arises predominantly from corrugation or 
ripple displacements at the film surface and the 
film/ substrate ripple due to the propagating pseudo- 
5 Rayleigh modes. The relative contribution of each 
acoustic mode to the ISTS signal depends on the 
efficiency with which each mode is excited by the 
excitation pulses and on the efficiency with which each 
mode diffracts the probe beam due to surface and 

10 interface ripple. A formalism is developed to quantify 
both of these factors. Using this formalism a method for 
extracting the elastic constants of the film by analyzing 
the dispersion of the pseudo-Rayleigh modes is described 
and applied to the polyimide/silicon system. 

15 The techniques have wide applications in 

nondestructive, real-time characterization of thin films. 
For many applications, such as monitoring thin-film 
fabrication and cure or determination of the spatial 
uniformity of coatings, it is not necessary to determine 

20 elastic moduli but merely to monitor changes in acoustic 
frequency. Finally, characterization of thermal 
diffusion rates will present a similar range of 
applications in polymeric, diamond, and other thin films. 
Other types of materials can be studied, for example, 

25 single crystal Fe films and amorphous, plasma deposited 
carbon films. 

The invention includes methods of use of the 
techniques described. Still other objects, features and 
advantages follow. 

30 Detailed Description 

We first briefly describe the drawings. 
Drawings 

Figs, l to lc illustrate schematically, the 
surface ripple morphology phenomenon included in the 
35 present invention; 
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Fig. 2 is a schematic of a measurement apparatus 
according to the invention; Fig. 2a is an absorbance 
spectrum of a polymeric sample; Fig. 2b is a plot of the 
intensity verses time, raw data, from the experimental 
5 setup in Fig, 2; and Fig. 2c is a plot of the processed 
data; 

Fig. 3 is a schematic of an alternative 
measurement apparatus according to the invention; Fig. 3a 
is a plot of the intensity verses time, raw data, from 
10 the experimental setup in Fig. 3; Fig. 3b is a plot of 
the probe pulse intensity; Fig. 3c is a plot of the 
processed data from Fig. 3a and Fig. 3d is a plot of 
processed data taken under the conditions of Fig. 3a, but 
from a single excitation shot; 
15 Fig. 4 is a plot of intensity versus time raw 

data, and Fig. 4a is a plot of the processed data from an 
experimental set up similar to Fig. 3, with an acoustic 
wavevector of 0.60 /ra" 1 ; 

Fig. 5 is a plot of intensity versus time, raw 
20 data, from an experimental set up using a CW probe laser 
while Fig. 5a is a plot similar to Fig. 5 but from a 
single excitation shot; 

Fig. 6 is a plot of intensity versus time, raw 
data, from an experimental set up using a CW probe laser 
25 to obtain thermal data; 

Fig. 7 illustrates the system geometry used in the 
theoretical calculations, wherein the film fills the 
space between y=0 and y=-h and the substrate fills the 
area from y=0 to y=+H and the acoustic wavevector set up 
3 0 by the pump beams is in the z direction; 

Fig. 8 is a plot of pseudo-Ray leigh mode 
dispersion generated using substrate elastic parameters 
v l b - 8 ^45 m/s, v Ts * 5341 m/s, p B = 2.33 g/cro 3 and film 
elastic parameters v Lf = 1300 m/s, v Ts = 700 m/s, p 8 = 
35 1.45 g/cm 3 , with the acoustic wavevector given by g, the 
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film thickness is h, and v Rs and v Rf are the substrate and 
film Rayleigh surface velocities respectively; 

Fig. 9 is a schematic illustration of the beam 
paths for the four components of first order ripple 
5 diffraction that contribute to ISTS signal, wherein parts 
A and B describe the different paths for the two orders 
of diffraction observed experimentally; 

Fig. 10 illustrates material displacements, 
generated using the optimized (for the system studied) 

10 elastic constants, for the first eight pseudo-Ray leigh 
modes on a 1/m f il* coating an infinite substrate at a qh 
value of 2.5, with the scale factors (A) for each mode 
determined such that the largest component of 
displacement in the mode which is driven most efficiently 

15 is equal to one and the ripple amplitude (R) for each 

mode given relative to the maximum displacement amplitude 

for that mode; 

Fig. 11 is a plot of the film surface ripple 
amplitude versus qh and velocity for a given ISTS heat 
20 input using the optimized (for the system studied) 
elastic constants wherein each symbol represents a 
different mode dispersion curve to facilitate comparison 
with Fig. 14 and the units of the z axis are arbitrary; 

Fig. 12 is a plot of the film- substrate interface 
25 ripple amplitude versus qh and velocity using the same 
parameters as Fig. 11 and the units of the z axis are the 
same as those given in Fig. 11; 

Fig. 13 is a plot of lattice distortion of the 
first two modes at qh=0.8, which, upon comparison with 
30 Fig. 11 indicates the existence of a crossover; 

Fig. 14 is experimental data (symbols) and 
theoretical pseudo-Ray leigh mode dispersion curves (solid 
lines) for pyralin films on silicon substrates with 
various film thicknesses (h) in microns; the elastic 
35 parameters used in generating the dispersion curves were 
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optimized to best fit the data that fall on the lowest 
two velocity curves; 

Fig. 15 is a plot of dispersion curves for the 
first 30 normal modes for a 3jim film on a 33 0jLra substrate 
5 using the optimized elastic constants for the 

pyralin/silicon system; the existence of modes is 
illustrated with velocities above v Ts which was the cut- 
off value for the pseudo-Ray leigh modes calculated for an 
infinite substrate as in Figs. (6) and (12); 
10 Fig. 16 is a dispersion curve plot of velocity 

versus wavevector for a tightly bound film-substrate 
system, while Fig. 16a is a similar plot for a 
freestanding film; 

Fig. 17 is a series of dispersion curve plots of 
15 velocity versus wavevector; 

Fig. 18 illustrates the system geometry for an 
analysis of thermal diffusion. 
General Des cription 

Referring to Figs, l-lc, a sample 2, typically a 
20 thin T 1# e.g. 5/tm thick or less, polymer thin film is 
provided having a front exposed surface 3 and a back 
surface 5 which is disposed on a substrate 6. (It will 
be understood that the film could be, as well, a free 
standing film, without substrate 6.) As shown in Fig. 
25 la, the sample is excited by impinging a pair of 

excitation beams 7,9 from sources E 1# E 2 . The wavelength 
of radiation from E 2 and E 2 is selected such that it is 
absorbed by the sample. The beams 7,9 interfere within 
an overlap region 11 within the bulk of the sample, 
3 0 causing rapid local heating in a periodic fashion. Upon 
such excitation, a periodic ripple-like morphology 13 is 
generated at the surface 3. The morphology has a peak to 
trough height, H, that is at a maximum soon after 
absorption of the excitation wavelengths and then 
35 oscillates and decays with time. In particular 
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experiments, as discussed below, maximum heights H, are 
estimated on the order of 5-10 nanometer (nm) . As shown 
in Fig. lb, the morphology 13 may be interrogated by a 
probe laser pulse 15, from a source P 1# by diffraction of 
5 the pulse in the reflection mode from the surface 3. The 
diffracted beam 15' is detected by a detector D, 
positioned on the same side of the sample as the source 
P a . The angle of incidence of the probe, G i# and angle of 
diffraction 8 r , may be varied and selected based on the 

10 spacing of the periodic morphology. The source P x is 

preferably selected such that the wavelength of the probe 
pulse is not substantially absorbed by the sample. As 
illustrated, a component 15" of the beam 15 may be 
transmitted through the sample. The pulse 15 is 

15 typically selected such that its duration is long 

compared to the excitation pulse and the lifetime of the 
periodic morphology. The pulse may be from a pulsed 
probe laser of selected pulse width and energy or a 
continuous wave laser, for example. The detector is 

20 adapted to receive the signal pulse 15 ', which is the 
diffracted beam component from the sample surface, for 
analyzing the characteristics of the morphology over the 
course of its existence from each excitation. As 
illustrated in Fig. lc, after analysis, the sample 2 

25 returns to its original state. 

The excitation wavelength is preferably in the 
ultraviolet (about 100-400nm) , but may be, e.g., in the 
visible (about 410-800nm) , infrared (about 0.1-50/x) or 
beyond. The probe is preferably in the visible, but 

30 maybe in other regions, e.g. infrared or ultraviolet, 

depending on sample absorbance. The excitation and probe 
radiation may be in the same wavelength region. An 
advantage of the invention is that the sample may be 
probed with a laser wavelength independent of the sample 

35 absorption; greater flexibility is provided in the choice 
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of the probe laser. In particular, it is advantageous to 
employ a probe laser emitting visible light which can be 
easily aligned in manufacturing applications. As further 
discussed in the examples, analysis times can be reduced 
5 by employing a probe pulse width as long as the transient 
decay of the induced phonons, so that the entire 
morphology decay is detected from each excitation. 

A particular advantage is the analysis of thin 
films, especially thin polymer films, e.g. 10/ra thickness 

10 or less, or even 1/xm thickness or less. Typical polymer 
samples include visible wavelength transmitting polymers 
such as polyethylene, polyurethane and polyimides. 
Polymer films which may be analyzed include molecular 
films such as Langmuir-Blodgett films or biological 

15 films. The films analyzed may be supported on a 

substrate or may be freestanding films. In the case of 
films on a substrate, the support provides both 
mechanical rigidity and can reduce sample damage when the 
support acts as a heat sink. Sample supports include 

20 silicon or glass. Applications for the system include 
analysis of polymer protective coatings on silicon 
substrates and various applications to polymers in 
polymer processing, including in-situ processing during 
e.g. extrusion. In the latter case, the analysis may be 

25 carried out at various points in the extruder to 

determine the progress of the operation and to modify the 
extrusion in response to the data obtained. Other 
polymer applications include polymer curing and polymer 
loading (analysis of properties under mechanical load) . 

3 0 The properties that can be measured by analysis of 

the raw data include acoustic speeds, determined from the 
frequency of surface oscillations; attenuation rates 
determined from decay of the signal; thermal expansion 
and thermal diffusion rates; thermal expansion 

35 coefficients and heat capacities can be determined from 
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signal intensities cases where standard samples are run; 
compressibility and elastic modulus may be determined 
from acoustic speed and sample thickness frequency 
dependencies. Calculation of many properties from the 
5 raw data is known in the art, and is further discussed in 
Journal of Chemical Physics 94, 7677 (1991) and Farnell 
et al., "Elastic Wave Propagation in Thin Layers", 
Physical Acoustics, (W.P. Mason, R.N. Thurston Eds,) 
935FF, Academic Press, NY, 1972. A particular method for 
10 measuring thermal diffusion is discussed below. 

Calculation of excitation efficiencies is also discussed 
below. 

Example 1 

Short Probe Pulse 

15 Referring to Fig. 2, an apparatus 2 for measuring 

the properties of a thin film of polymeric material 20, 
such as a thin (about 2.2 micron) film of Pyralin® 2555 
(a polyimide polymer available from E.I. DuPont de 
Nemour, Wilmington, DE; other Pyralin materials may be 

20 also available for study, e.g. PI 2525, PI 2545, PI 2611) 
on a silicon substrate 22, includes a first laser 24 such 
as a YAG laser that produces a beam at a wavelength of 
about 1.064 micron and an energy of about 1 milli joule. 
The pulse width is on the order of picoseconds, in this 

25 example 100 psec. The beam is modified by crystals, 

26,28 for frequency doubling and tripling to produce an 
excitation beam wavelength in the ultraviolet at about 
355 nanometers. Another preferred wavelength is about 
266 nanometers. The beam from the laser is split by a 

30 beam splitter 30 into component beams 32, 34 which are 
directed by reflecting optics 36, 38 toward a focusing 
element 40 (about 30 cm focal length cylindrical focus) 
which focuses component beams 32, 34 such that they 
overlap in time and location within the sample 20. 

35 Typically, the spot size on the sample is selected to 
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avoid excessive heating and damage therefrom, e.g., the 
spot size may be 100 microns to 1 millimeter with an 
energy of about 10 /iJ. In this example, the spot size 
was about 100 high and 2 mm wide (cylindrical focus) . 
5 The probe laser 42 is a YAG laser for probing the surface 
morphology by reflectance. The output beam from the 
laser 42 passes through a Pockel's cell 44 to isolate a 
particular pulse with an energy of, for example, about 50 
microjoules. The probe beam is passed through a doubling 

10 crystal 46 to produce a probe pulse 48 having a 

wavelength generally not absorbed by the sample 20 such 
as a probe pulse in the visible range, e.g. 532 nm, as in 
this example. The probe pulse 48 is directed to the 
sample by optical reflectors 50, 52 and focused by 

15 focusing element 54 (about 20 cm focal length) such that 
the beam impinges upon the sample surface at angle B x 
about 45° from normal to the unperturbed sample surface. 
Diffracted beams 56, arising from the morphology at the 
sample surface, may be detected at angle e R about 45°, by 

20 a detector 58 such as an amplified photodiode. The 
pulses from the excitation laser 24 and probe laser 42 
are electronically delayed to probe the surface 
morphology as a function of time. A delay control 60 
times the sequential pulses of the lasers. Typically, 

25 the excitation laser pulses at about 1 kilohertz. The 
probe laser pulses at delay times (from the excitation 
pulse) varying from the nanosecond range to 40 
microseconds or more, depending on the properties of the 
sample to be determined. The probe pulse width is short 

3 0 relative to the period of the phonon oscillations so that 
each probe pulse thus represents a single measurement of 
the instantaneous diffraction signal. The signal 
detected by the detector 58 is filtered via a lock-in 
amplifier 62 and passed to an analysis means 64, e.g., a 

35 microprocessor, which also receives the pulse delay 

SUBSTITUTE SHEET 


BNSDOCID: <WO 9301476A1 J_> 


WO 93/01476 


PCI7US92/05679 


- 17 - 

information and which converts the raw data via Fourier 
transform to a spectrum of intensity versus frequency. 

Referring to Fig. 2a an absorbance spectrum of a 
thin film of Pyralin® is shown. At the excitation 
5 wavelength of 355 nm, the material is highly absorbing. 
At the probe wavelength of 532 nm, on the other hand, 
radiation is not substantially absorbed. 

Referring to Fig. 2b, the raw LIPS data for the 
thin Pyralin® sample is shown as a plot of the intensity 
10 versus time, being the delay between the excitation beam 
pulse and the probe beam pulse. In Fig. 2c, the 
processed data is shown after compilation with the Fast 
Fourier Transform algorithm (FFT) . The analysis time for 
this measurement was about 10 minutes using about 150,000 
15 excitation and probe pulses . The data may be analyzed to 
yield material properties as described above. 

Example 2 

Long Probe Pulse 

Referring now to Fig. 3, in an alternative mode, a 

20 probe laser 70 is adapted to provide a probe beam having 
a relatively long pulse width such that a substantial 
time-portion of the transient grating can be measured 
from each excitation pulse. The probe pulse is typically 
of longer duration than the excitation probe pulse and 

25 may be as long or longer than the detectable diffraction 
signal from the sample surface. In this example, like 
numbers refer to the same elements as described in 
Example 1, Fig. 2. The probe laser 70 may be a YAG laser 
operated in the Q-switch mode with energy of about 3 

30 milli joules in a pulse width of about 300 nanoseconds. 
(The peak power, therefore, was on the order of 10,000 
watts. Lower power operation, e.g., down to around 1000 
watts is believed to be highly practical. Power 
requirements may be dependent on signal strength which 

3 5 may vary with the sample.) In this case, the probe laser 
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beam 7 6 impinges upon the sample surface simultaneously 
with the excitation beams and the full time dependent 
response from each excitation pulse is recorded. (If 
signal persists after 3 00 ns, the probe pulse can be 
5 delayed as discussed in Example l.J The detector 72 is a 
fast response (370 psec) amplified photodiode (model ARX- 
SA, Antel Optronics, Inc., 3325B Mainway, Burlington, 
Ontario , CANADA) . The signal is received by a transient 
digitizer 74 with a 1 GHz bandwidth (digital signal 

10 analyzer model 602, Tektronix, Inc., P.O. Box 500, 
Beaver ton, OR 97077) . The 1 GHz bandwidth and fast 
photodetector provide about 1 nsec time resolution, so 
that acoustic waves of up to 1 GHz frequency can be time 
resolved. The detector and electronics are generally 

15 selected to be as fast as the sample response of 
interest. A polarizer (thin film) is preferably 
positioned between lens 54 and the sample. 

Referring to Fig. 3a a plot of raw data the 
transient signal from a single excitation pulse is shown. 

20 An advantage of operation in this mode is that, rather 
than probe a single time point of the transient 
morphology as in the embodiment of Fig. 2, the 
diffraction signal from the full duration of the 
transient morphology produced by each excitation pulse is 

25 detected. The time required for signal detection is 

therefore considerably reduced. Fig- 3a also illustrates 
the probe pulse profile (which can be subtracted from the 
raw data prior to processing) . In Fig. 3b, the processed 
data (without subtraction of the probe pulse profile) is 

30 shown. This data was collected in about 15 seconds, 

using about 500 excitation shots, the signals from which 
were collected and signal averaged. Pyralin films of 
various thicknesses have been studied, e.g. from about 
0.92 to 5.81 micron (spin coated on a 330 micron thick 
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silicon wafer with thickness determined within ± 0.05 
micron by mechanical stylus prof ilometer) . 

Referring particularly to Fig. 3a, the 
oscillations in the data are due to acoustic oscillations 
5 initiated by the crossed excitation pulses. The signal 
intensity depends on the induced time-dependent material 
displacements (which are described in more detail in the 
sections that follow) , weighted by the probe pulse 
intensity envelop which is shown in Fig. 3b. In Fig. 3a, 

10 the first part (-85 ns) of the probe pulse arrive at the 
sample before the excitation pulse, so there is no signal 
other than that due to parasitically scattered probe 
light. The excitation pulses heat the sample and 
initiate acoustic oscillations which are observed in the 

15 data. There is also a nonoscillatory component of the 
signal due to steady-state thermal expansion in the 
heated regions of the sample. This component finally 
decays as thermal diffusion washes away the spatially 
periodic variation in sample temperature. Thermal decay 

20 is not observed in these experiments because at these 

wavevectors, the timescale for thermal diffusion is much 
longer than the length of the Q-switched probe pulse. 
Instead, the signal in Fig. 3a disappears as the probe 
pulse ends. (As discussed below, with a larger temporal 

25 probe pulse, such as a CW probe pulse, longer sample 
excitation signals may be detected.) 

From the data in Fig. 3a, the frequency of the 
surface acoustic wave can be extracted. In the Fourier 
transform of the data shown in Fig. 3c, the acoustic 

30 response is dominated by one mode with a frequency of 113 
+ 2 MHz. The dc component of the transform (not shown) 
is 30 times larger than the acoustic peak. In Fig. 3d 
the Fourier transform of diffracted signal is shown taken 
under identical conditions as the data in Fig. 3a, but 

3 5 with only one laser shot, i.e., no averaging. While this 
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spectrum is noisier than the spectrum of the averaged 
data, the position of the main peak is identical- (The 
extra noise seen in Fig- 3d is believed to be due to 
self-modelocking within the one Q-switched probe pulse.) 
5 The data clearly illustrates the ability to perform true 
one-laser shot experiments. Best results can be obtained 
with a smooth probe pulse temporal profile. 

In Figs. 4 and 4a, ISTS raw data and its Fourier 
transform, are shown respectively for the same sample at 

10 a larger scattering wavevector. It can clearly be seen 
that there are at least two surface acoustic modes which 
contribute to the signal. 

To insure that the signal was due to the polyimide 
film, control experiments were performed on uncoated 

15 silicon wafers. No signal from the silicon surface could 
be detected. 

Further, it is possible to distinguish between 
scattering due to modulation of the dielectric constant 
through elasto-optic coupling and diffraction due to 

20 surface and interface ripple through analysis of the 

polarization properties of the diffracted light and the 
acoustic wavevector dependence of the diffracted signal 
intensity. Pseudo-Rayleigh waves have both transverse 
and longitudinal character, and therefore give rise to 

25 modulation of both diagonal and off-diagonal elements of 
the dielectric tensor of a thin film through elasto-optic 
coupling. If elasto-optic coupling is a significant 
source of diffraction, then a component of the diffracted 
probe beam should be polarized at an angle 90° relative 

3 0 to the incident probe beam (depolarized or VH 

scattering) . The magnitude of this component relative to 
the non-depolarized diffracted component depends on the 
square of the ratio of off -diagonal to the diagonal 
elasto-optic coupling coefficients. By contrast, for a 
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coplanar scattering geometry surface ripple does not 
rotate the polarization of the diffracted light. 

In addition, if elasto-optic coupling were the 
dominant diffraction mechanism, the signal intensity 
5 would be independent of scattering wavevector g since the 
acoustic strain induced through bulk ISTS excitation is 
g- independent. By contrast, surface ripple arises from 
components of the acoustic displacement rather than 
strain and should thus vary as g" 1 . Signal from surface 

10 ripple depends on the square of the displacement, and as 
detailed below the signal intensity due to surface ripple 
decreases approximately as g~ 2 . 

In experiments performed above, no depolarized 
component of the diffracted signal was detected. It was 

15 also observed that the diffracted signal intensity 

decreases sharply as the q is increased. This indicates 
that the diffracted signals are due predominantly to 
surface and interface ripple induced by the pseudo- 
Ray leigh waves. 

20 Example 3 

CW Probe 

A further embodiment employs a continuous wave 
probe pulse from, e.g., a CW argon laser generating a CW 
beam of known duration in place of the YAG laser in 

25 Example 2. The probe laser wavelength may be in the 
visible, 514 nm, and probe pulse width controlled by an 
EO modulator (in place of the doubling crystal shown in 
Fig. 3). (No electronic delay is necessary for the CW 
experiments.) This embodiment, similar to that of 

30 Example 2, allows the transient response from each 
excitation shot to be completely detected. In this 
method the probe beam has a time- independent profile, 
thus enabling reduction in noise contribution when 
subtracting the probe beam profile from the detected 

3 5 signal. 
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Referring to Figs, 5 and 5a, raw data from an 
unsupported polyimide film using a YAG laser excitation 
source at A=266 nm, 100 psec (a quadrupling crystal is 
used in place of tripling crystal 28) and a gated (500 
5 fisec) small frame argon ion CW probe (about 50 - 100 

micron beam size, with single line power of about 1 watt) 
is illustrated for 2 00 signal averaged excitation shots 
and a single excitation shot, respectively. Despite the 
relatively low intensity, about 50 to 100 times lower 
10 than the Q-switched probe used in the experiments above, 
good data was obtained. Care should be taken to 
efficiently gate the beam to avoid overexposure which can 
lead to damage of the sample- In these experiments, a Q- 
polarizer was placed before the EO gate. 
15 An advantage of the gated CW probe is that thermal 

process which occur on timescales larger than acoustic 
processes can be efficiently monitored. Likewise, the 
long temporal widths available with the CW probe allows 
the entirety of the sample acoustic profile to be 
20 detected. In addition, by including frequency dependent 
loss modulus, the experiments can account for acoustic 
dampings. Referring to Fig. 6, a thermal decay curve of 
the- polyimide sample over a microsecond time scale is 
shown. Similar data can be obtained from a single 
25 excitation shot. 

Theoretical Treatment and Parameter Optimization 

A discussion of the features of the data obtained 
and a theoretical analysis that leads to optimization of 
the experiment for detecting signal predominately from 
3 0 the induced surface ripple, follows. 

In ISTS, two ultrashort laser excitation pulses 
are crossed temporally and spatially at the sample. An 
optical interference pattern characterized by scattering 
wavevector q is formed, where q is the difference between 
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the wavevectors of the crossed pulses. The scattering 
wavevector magnitude q associated with each excitation 
angle 6 E can be calculated according to: 


5 where k is the wavelength of the excitation light. 
Experimentally, referring particularly to the data 
obtained in the experiments performed as discussed with 
respect to Fig. 3 et seq., data can be recorded as a 
function of the excitation angle e for all the Pyralin/Si 

10 sample thicknesses. The angles used in this study are 
0.48% 0.68°, 0.72°, 0.92°, 1.07°, 1.17°, 1.62° 1.67*, 
1.77°, 1.93°, 2.37°, 3.40°, 3.92°, and 5.85°. (These 
angles may be measured mechanically using a calibrated 
rotation stage and are accurate to +-0.05°. ) The 

15 corresponding scattering wavevectors according to (a) are 
0.15, 0.21, 0.22, 0.28, 0.33, 0.36, 0.50, 0.52, 0.55, 

0. 60, 0.73, 1.05, 1.21, and 1.81 inverse microns. These 
are accurate to ±0.01 inverse microns. The wavevectors 
were chose to lie along a crystal axis of the silicon 

20 substrate. However, experiments performed with a 

wavevector magnitude of 0.52fraT 1 on a 5.81/na Pyralin film 
sample showed no dependence on wavevector direction. 

1. Surface R ipple Amplitude 


25 surface ripple generated in an ISTS experiment by 

calculating the magnitude of the temperature grating set 
up by the excitation laser pulses and then relating this 
to a displacement amplitude using the linear thermal 
expansion coefficient. The temperature change aT for 

3 0 light impinging on the surface (in the y=-h plane) in the 



(1) 


An order of magnitude estimate can be made for the 


SUBSTITUTE SHEET 


BNSDOCID: <WO 9301476A1_I_> 


WO 93/01476 


PCT/US92/05679 


- 24 - 

y direction and setting up a grating of wavevector q in 
the z direction can be written as in eqs (2-3) . 

5 Here, 2.303C is the material absorption coefficient, I E 
is the total energy per unit area of the excitation laser 
pulses, p is the mass density, C is the heat capacity per 
unit mass, R is the reflectivity for the material/air 
interface and P a is the fraction of absorbed light that 

10 is converted to heat. An upper limit for the average 
value of the temperature increase over the thickness of 
the film can be estimated with (2) by setting P a =1 and 
R=0. For these experiments, I E =1 6 mJ/cm 2 and £=1 • 3/inT 1 . 
Using values of p = lg/cm 3 and C = 2.3J/(g.K) which are 

15 typical for polymers leads to an average temperature 
increase of approximately 8 K for a 4/xm thick film. 

This temperature change can be related to the 
change in the y-direction length of a volume element 
£Iy(yfZ) using the linear thermal expansion coefficient a T 

20 as in eq. (4) . 

5L y (y,z) = a T AT(y,z)dy (4) 

For the general case, the total surface ripple R rip (z) can 
be found by integrating this expression over the sample 
thickness. For a thin film of thickness h attached to a 
25 nonabsorbing substrate as in these experiments the 

integration extends only over the thickness of the film. 
Performing this integration leads to eq. (5) . 
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Rri P (2) = ^ P * C ^ (5) 

Using a typical polymeric value of a T = 80X10" 6 m/(m.K) 16 
for the linear thermal expansion coefficient yields an 
upper-limit estimate of 0.005 microns for the surface 
5 corrugation amplitude excited by ISTS. This estimation 
assumes that neighboring volume elements slide by one 
another, and does not consider the effects of stress that 
will tend to reduce the corrugation. For this reason, 
expression (5) does not show the expected 1/q dependence. 

10 II. Theory 

In order to extract the elastic constants of the 
thin film from the pseudo-Rayleigh mode frequencies 
measured at different scattering wavevector magnitudes q, 
the dispersion of w(q) for the various modes is to be 

15 understood. In fact, the frequency depends only on the 
product qh, where h is the film thickness, so that the 
results of measurements on films of different thickness 
can be compared. As mentioned earlier , the ISTS 
excitation efficiencies and the probe diffraction 

20 efficiencies for each of the modes are to be determined. 
The ISTS signal expected from a supported film is derived 
below treating the excitation then the probing process. 
An isotropic theory is used since no effects of the 
elastic anisotropy of silicon or the film were observed. 

25 A. ISTS Excitation of the System 

Starting with the equations of thermoelasticity 
for an isotropic, elastic, and homogeneous medium: 

C44 V 2 u + (cu - C44)V(V . u) = YVT + p-jjr ( 6 } 


SUBSTITUTE SHEET 

BNSDOC1D: <WO 9301476A1_I_> 


WO 93/01476 


PCT/US92/05679 


- 26 - 

KV 2 T-C s p^-nKV.^ = -Q (7) 

In these expressions u is a vector describing the 
material displacements, T is the fluctuation in 
temperature relative to the equilibrium temperature, p is 
5 the equilibrium density, and c 44 and c xl are the elastic 
constants which are related to the bulk longitudinal and 
transverse acoustic velocities according to v L = (c lx /p) 1/2 
and v T =(c 44 /p) 1/2 . y is a constant related to the elastic 
constants and the coefficient of linear volume expansion 
10 a T by y = (3c 11 -4c 44) a T - k is the thermal conductivity, 
^=yT 0 /K and C s is the constant strain specific heat per 
unit mass. Finally, Q represents the absorbed heat per 
unit time per unit volume derived from the excitation 
laser pulses. 

15 If u is expressed in terms of longitudinal (*) and 

transverse (?) potentials, 

u = V<J> + Vxy V V = 0 (8) 

then equations (6) and (7) can be rewritten as follows. 


<V 2 T-C s p|^ = -Q (9) 


20 vV-L^ = -^-t (10) 

cn 3r pen 
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It is assumed that longitudinal compressions do not cause 
substantial changes in temperature (r7~0 in eq. (7)). 

Note that for a bulk system, the last two 
equations describe uncoupled longitudinal and transverse 
5 acoustic modes respectively. Since the laser heating 
enters through eq. (9) which is only directly coupled to 
eq. (10)., ISTS only excites longitudinal acoustic modes 
in bulk isotropic systems. However, this simple picture 
breaks down for a thin film, since boundary conditions 

10 must be satisfied. In particular, for a thin film in 
intimate contact with a substrate, the material 
displacements and the normal components of the stress 
must be continuous across the interface and the normal 
components of the stress at any free surface must vanish. 

15 These boundary conditions lead to coupling between the 
longitudinal and transverse potentials so that every 
surface acoustic mode has both longitudinal and 
transverse character. 

The film/ substrate system geometry is depicted in 

20 Fig. 7. The substrate fills the region from y=0 to y=H-H 
and the film fills the region from y=0 to y=~h. It is 
assumed that the ISTS excitation beams form an infinite 
uniform grating pattern with wavevector q in the z 
direction which is independent of x and damped along y 

25 due to optical absorption. In this analysis, H is 

considered infinite so that the substrate fills the whole 
y>0 half space. (The corrections that occur when the 
finite size of the substrate is explicitly accounted for 
is discussed below.) 

30 The first step in solving equations (9) -(11) is to 

determine the temperature distribution set up by the 
excitation pulses. The dynamics of thermal diffusion 
take place on a much longer timescale than tfie acoustic 
dynamics. Thus, for analyzing the excitation of the 

35 film-substrate system, k can be set to zero in eq. (9). 
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In ISTS, the excitation laser pulse duration is short 
compared to the acoustic oscillation period. Here it is 
assumed that conversion of optical energy to heat through 
molecular electronic and vibrational relaxation also 
5 occurs on a fast time scale relative to the acoustic 
oscillation period so that the time dependence of Q in 
eq. (9) can be approximated by a delta-function at zero 
time. More gradual thermal izat ion will reduce all the 
acoustic amplitudes but should not affect the relative 
10 amplitudes of the different modes substantially. 

Equation (9) is solved for the temperature distribution 
set up by the laser excitation beams to yield eq. (12) . 

T(y,z,t) = Ac^ h )fl + e ^]9(t) (12 > 

Here, 9(t) is the Heaviside step function which turns on 
15 at t=0, and A and C were introduced in eqs (2-3) . since 
the film absorbs strongly and the silicon substrate 
reflects the 355nm excitation light used in these 
experiments, T(y,z,t) is only nonzero in the film (for - 
h<y<0) m 

20 - With this functional form for the temperature 

distribution, equations (10) and (11) can be solved using 
transform techniques. Since the temperature distribution 
is independent of x, all derivatives with respect to x 
are neglected. From the geometry of the system and the 

25 nature of the temperature distribution given in (12) , a 
Laplace transform for the time variable and exponential 
Fourier transform for the z coordinate are the natural 
choices. (Notation is such that S is the Laplace 
variable conjugate to t and k is the Fourier variable 

30 conjugate to z.) The transformed solutions for the 
potentials <p and ? are then found to be, 
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4>(k,y.s) = 


A*(k.s)exp|yjk 2 +4r^ 
8(k) 


ps [-S 2 + 


+ B^(k 

8(k-q) 


C 2 v 2 f -k 2 v^ + C 2 vJ f -s 2 . 


C^(k.s)cxp|y A )k 2 +^- 


+ D^(k,s)exp 


k 2 + -V 


-h < y < 0 


H>y >0 


(13) 


( i — n f I 

(k.s)xexp yj k2+ jr + B v (k,s)xexp|-y^k 2 +^ 


-h < y < 0 


V(k,y,s) = 


f 


C v (k,s)xcxp 


yJk 2 +-V 


D v (k.s)xexp -yJk 2 +- r 
^1 v Tsj 


H>y>0 


(14) 


where k is the Fourier transform variable conjugate to z 
and s is the Laplace variable conjugate to time. In 
5 these expressions, v Lf, v Tf, v Ls, and v Ts are the bulk 
longitudinal and transverse velocities in the film and 
substrate respectively. In taking the Laplace transform, 
the initial conditions that there is no displacement or 
motion at t=0 when the laser pulses first arrive at the 
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sample have been used. Note that choosing the only 
nonzero component of T to lie along the x axis allows for 
trivial satisfaction of the gauge v*=0 used here. 
Finally, all but the third term in the expression for the 
5 longitudinal potential in the film are homogeneous 

solutions to the equations of motion. This third term is 
the particular solution of equation (10) and can be 
thought of as driving the motion of the film and giving 
rise to a response consisting of a longitudinal 

10 disturbance propagating along z, a periodic stress pulse 
propagating along y, and a dc response. 

The variables A 0 (k,s), B^(k,s), D^(k,s) etc. are 
potential constants which are determined by imposing the 
necessary boundary conditions and physical realizability 

15 requirements. For the system of Fig. 7 with H infinite, 
the terms involving C^(k,s) and C*(k,s) represent 
physically unreasonable solutions. For this reason, they 
are set to zero. The other six constants are determined 
with the boundary conditions. As stated earlier, these 

20 are that u and the normal components of the stress are 
continuous at y=0 and that the normal components of the 
stress vanish for y=-h. The stress tensor is calculated 
using the Duhamel -Neumann relation shown in eq. (15) in 
order to properly take into account the contribution from 

25 the temperature grating. 


[(c n -2c4 4 )v.u-yr]s i 


(15) 


Using equations (8), (15) and (12)-(14), the 
boundary conditions can be imposed. The six relations 
thus derived are most conveniently expressed in matrix 
30 form, 
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£D=F 


(16) 


c = 


f(l + p 2 )e- nkh 
line-* 3 * 

l + p\_ 
2 in 
-1 
in 


(i +P 2 V. nkh 


r 


nkh 


-2ine 

1 + P 2 
-2in 
-1 
-in 


lipc-P" 1 

-(l + p 2 K pkb 

2ip 

-(l + p 2 ) 
-ip 
-1 


>(1 + P 2 )c pkh 
-2ip 

-(l + P 2 ) 


-1 


0 

2img 
1 

im 


0 
0 
2irg 

-ir 
1 


g 


(17) 


D = 


B 


V 


(18) 
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n = Jl- 


(20) 
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(21) 


m 


■F 


V 


2 (22) 


(23) 



nv 2 (24) 
Pf v Tf 


5 and p f and p B are the densities in the film and substrate 
respectively. The first two rows of the matrix equation 
ensure that the yy and the yz components of the stress 
respectively are zero at the surface of the film. The 
next two rows require continuity of the yy and yz 

10 components of the stress respectively at the interface. 
Finally, the last two rows require that the z and y 
components of the material velocities respectively are 
continuous at the interface. For notational convenience, 
the k and s dependence of the potential constants has 

15 been dropped. Also, the Laplace variable s has been 

written as s 2 =-u 2 =-v 2 K 2 where w is the real frequency and 
v is the velocity of the acoustic mode solutions. This 
transformation limits the possible solutions to strictly 
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pseudo-Ray leigh modes with velocities below the 
transverse velocity of the substrate. A continuum of 
"leaky mode" solutions with complex frequency are also 
possible for velocities greater than v Ts . These solutions 
are damped as energy is "lost" to the semi-infinite 
substrate. Normal mode solutions of eg. (16) occur when 


Aside from Jch and v, the matrix c only contains constants 
related to the film and the substrate. All of the laser 

10 and optical properties appear in the column matrix F. 
Thus, eq. (25) can be solved to yield the dispersion 
relations (qh vs. v where g is the acoustic wavevector) 
for the various pseudo-Rayleigh modes irrespective of the 
ISTS excitation source. 

15 An example of typical dispersion curves for the 

substrate loading case (ie. v Ts > v Tf) is shown for the 
lowest 16 modes in Fig. 8. As gh approaches zero only 
one mode, whose velocity approaches only one mode whose 
velocity approaches that of the substrate pure Rayleigh 

20 mode v Rs, exists. At large gh, this lowest mode 

approaches the pure Rayleigh surface mode of the film 
with velocity v Rf . Each of the higher velocity modes, 
often called Sezawa modes, has a limiting qh value below 
it does not propagate. At this qh value, the velocity of 

25 each mode is equal to the substrate transverse velocity 
v Ts. As shown in Fig. 8, as qh is increased, these modes 
all asymptotically approach the film transverse velocity. 

In order to solve for the displacements of a 
particular mode j excited through ISTS, one must solve 

3 0 the full eq. (16) for the potential constants at the qh 
value and velocity of interest. It can be shown using 
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eqs. (8) and (13-14) that the normal mode displacements 
u j with wavevector q obey the following equation 


uj(q,y,z,t) = [u j (q.y)y + uj(q,y)i]e*V v i qt 


(26) 


where 


qn j[ A J e"* - fyT»* ] + iq[ ty** * B^e"^ ] 


u y (q.y) = 


-h < y < 0 


-qmjDie-^i+iqD^e-^ 


y >0 


(27) 
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h < y<0 


ui(q.y) 


y>0 


(28) 


In these expressions, the tildes denote the residue of 
the quantity evaluated at the appropriate pole. Note 
that the material displacements oscillate with frequency 
5 u^v^q. Examples of the pseudo-Ray leigh displacements for 
various modes at one qh value are showing in Fig. 8. The 
total displacements at a particular wavevector and sample 
thickness will be the sum of the uj values for each 
pseudo-Ray leigh mode plus a nonoscillatory term due to 
10 steady-state thermal expansion. 
B. Probe Diffraction 


diffraction appropriate for the ISTS experiments 
described here in which ripple effects were found to 

15 dominate. The equations below are the reflected and 
transmitted first order diffracted components of light 
from a corrugated half space, modified to deal with the 
case of arbitrary indices of refraction on either side of 
the corrugated interface, and to the case of standing 

20 wave corrugation. In addition, index modulation 


In this section, an analysis is presented of 
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contributions to the phase are neglected. The results 
are, 


E 


(29a) 


aj = 5(t)n 1 k i (co$e d +cos9j) 


(29b) 


20 


sin6 d±1 =sin8i ±-i- 


(29c) 


E 5 - Ti,/l7e u *e- in * k ' R * / "' J, (a*, ) 


(l + r(0i))^.cose, + (l-r<9j))cas9i q(l + r(ei)/-22.$ine t +sin9i) 
!h_ . + kJM . £ 

2n t k i cos9 i ^.cos9 t -cos9j j 


2 cos 6; 


(30a) 
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t'i^SCOnjk^cosej -cosGj J (30 b) 


slne l+l --2Lsine,±-S- (30c) 
n 2 n 2M 


In these equations, I Q is the intensity of the probe 
measured in medium 1, and K L is the wavevector of the 
5 probe measured in vacuum. 6 ± is the angle of the probe 
relative to the corrugated interface, a is the unit 
vector representing the polarization of the probe, r is 
the reflection coefficient for transmission from medium 1 
to medium 2 , v and 1^ is the distance from the point at 

10 which the diffraction is generated to the detector. 

Also, q is the wavevector of the corrugation, and S (t) is 
the time dependent amplitude of the corrugation. 
Finally, the upper signs refer to the +1 diffracted 
order, while the lower signs refer to -1 diffracted 

15 order. 

For a thin supported film, there are four sources 
of first order ripple diffraction which must be 
considered. These are shown schematically in Fig. 9. 
Parts A and B of this figure represent the probe and 
20 diffracted beam paths for the two final signal directions 
seen experimentally. The first three paths show the 
components, involving diffraction from the film surface 
. ripple. The fourth path describes the component arising 
from diffraction from the interface ripple. In general, 
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all four components contribute to the diffracted signal 
in the two signal directions. 

The electric fields at the detector associated 
with these four diffraction contributions can be obtained 
5 using eqs. (29-30) , Snell's Law, and taking into account 
reflective losses at the film-air interface. In the 
following, it is .assumed that all light striking the 
film-substrate interface is reflected. In addition, due 
to the spatial size of the probe pulse, the thickness of 

10 the film, the index of refraction of the film, the 
wavevector of the corrugation, and the angle of 
incidence, it is a good approximation to assume that all 
of the diffracted beams give in Fig. 9a or 9b emerge from 
the same point on the film and travel parallel to one 

15 another. The results, written in terms of sums over 
pseudo-Rayleigh mode amplitudes, are shown in the 
following equations. 


Bj, = TaVCK^e-^ ZuVq.y = -h)sin(v jq t) (31a) 


~ ^ i « * JO + r(9 8 ))c os9 d -(l-r(9j))cos9 8 q(l + r(9j)Xsin8 d + sinOj) ] 
1 = k " c * e d * COs9i) [ - 4k i eof6 fi (coie 4 ^caie i )J 


(31b) 


sin9 d±1 =sin9i±-S- (31c) 


E 2 =Tat , (9 l )Vl7K 2 c iClX c" ik ^c- lnk i h 2 £uJ y (q,y = -h)sin(vjqt) 

j=0 (32a) 
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K 2 =ki(ncose, -cos6 


(Ur(9>cos8,+(l-r(e,))cos9, _ gfl * r(8,))(n 5 ine, * sine,) 


4cos9i 


■ikjCose^ncose, -cosej 


(32b) 


(32C) 


h 2 = 


2h 


cos8 t±l 


(32d) 


N . 


E 3 = +ar(9 i )V!oK3C iox e- ikiR -c- inkih3 IuJy<q.y = -h)sin(v j qt) 

j=0 


(33a) 


K. 3 = k i (cos8 x -ncos6 rfl 


^s^^^^j^^] <33b) 


sin8' l± i= n sin Grift— - 


(33c) 


h 3 = 


2h 


coserfr 


(33d) 
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erfr=*in- l ^sinei) 


(33e) 


E 4 =Tat(e i )f(e' d )V^K 4 e i<flt e- ik i R »e- ink ' h< Iu j y(q.y = 0)sin(v jq t) | (34a) 

J=0 


Incog;. , qCsine'j+sinBrf,) "1 

frJ [2cose lfr ~ 2k i cose rfr (c<*e , d + cose,*) J 


K 4 = nki(cos9' d +cosfl rfr 


q 

sine'dti-sinerfft — 


(34c) 


h h _ 


Here, j runs from 0 to N and represents the mode 
solutions for j>0 and the dc term for j=0 (ie. v 0 =0) . 
Also, t is the transmission coefficient for passage from 
the air into the film, and t' is the transmission 
* 10 coefficient for passage from the film into the air. 

Finally, in these expressions the small-argument 
expansion of the Bessel function (J x (x) ~ x/2 for x«l) 
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has been used since the rippled amplitude (as estimated 
in section IV) times the grating wavevector magnitude is 
small compared to one for all excitation geometries 
investigated in this experiment. 
5 The signal intensity can be written as the square 

of the sum of the four electric fields given in eqs. (31- 
34). The resulting intensity will exhibit varying 
interference effects depending on the probing angle and 
wavelength, the index of refraction and thickness of the 

10 film, and the grating excitation wavevector. For the 
purpose of analyzing the relative intensities of the 
various pseudo-Ray leigh modes in an ISTS experiment, the 
only important interference occurs between the E-fields 
derived from the surface ripple (E2-E 3 ) and the field 

15 derived from the interface ripple (E 4 ) . Such 

interference can cause a mode with a large surface 
corrugation amplitude to only appear as a weak Fourier 
component in the experimentally measured diffraction 
signal and vice-versa. The final ISTS intensity (I) can 
20 be written in a manner which emphasizes this effect as 

I = I 0 ^l[(p(^h t lc it q,e i )u j y(q f y = -h) + G(n f h f k i ,q.e i )u j y (q,y = 0))sin(v jq t)]x cc,j (35) 

where F and G are functions determined by summing terms 
in equations (31-34) . This expression was obtained by 
averaging over an optical cycle with the assumption that 

25 acoustic terms are constant over this interval. It can 
be seen that, in general, the measured signal consists of 
a dc term, a series of heterodyned components oscillating 
at the psieudo-Rayleigh mode frequencies which arise from 
a beating against the dc term, and terms oscillating at 

30 sums and differences of the normal mode frequencies. 
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C. Qualitative Cong i derations 

The relative intensities of the various modes seen 
with ISTS depend on two factors - the extent to which the 
different modes are excited by the pump pulses and the 
5 efficiency with which the surface and interface mode 
displacements diffract the probe pulse. Both of these 
factors can be quantified at a particular qh value by 
solving the full matrix eq. (16) for each mode. This was 
done using the elastic constants found for the 

10 Pyralin/silicon system as described below. Aside from an 
arbitrary laser-intensity dependent constant factor, the 
only additional input parameter needed to perform this 
computation was the Pyralin absorption coefficient (. 
This was measured to be 1.3/xm- 1 using a Pyralin film 

15 coated onto a fused silica substrate. Fig- 10 shows the 
results of the calculations at qh=2.5. This figure shows 
material displacements for the first eight modes that 
exist at this value of qh. The relative excitation 
efficiencies for the different modes are indicated by the 

20 relative amplitudes A. (A - 1 for the mode with the 
largest displacements.) The surface ripple amplitude 
relative to the maximum amplitude for each mode is given 
by R. Modes with large values of the produce AR 
contribute most to ISTS signal. There are several 

25 guidelines that can be determined through a study of 

these and other figures that allow for an understanding 
of the level of excitation and the resulting diffraction 
efficiency of a particular mode. First , modes with fewer 
spatial modulations along the y direction are excited 

30 more strongly than those with many nodes along y. This 
is reasonable since the heating excitation mechanism will 
tend to displace material in only one direction for a 
* give value of z. Next, lower velocity modes in general 

have larger peak displacements than high velocity modes. 

. 35 This is due to the fact that as the mode velocity is 
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increased and approaches the substrate transverse 
velocity, the mode displacements become spread out over 
both the film and far into the substrate. This leads to 
small peak displacement amplitudes compared to those of 
5 the low-velocity modes whose displacements are well 

localized in the film. Finally , it is evident that some 
modes involve much more surface and interface ripple than 
others. Since detection results predominantly from 
diffraction from surface and interface ripple, only modes 

10 with significant surface displacements along y are 
detected. With these guidelines, it is possible to 
qualitatively explain relative signal amplitudes from the 
various modes over a wide range of qh. For purposes of 
data analysis, the calculations provide a clear 

15 indication of which modes in a thin film are likely to be 
observed in ISTS data. In most of the data, only one or 
two frequency components are observed predominantly. 
Dispersion curves like those in Fig. 8 can be fit to the 
frequency values determined from the data, which the 

20 elastic moduli as adjustable parameters to be deduced 

from the best fit. To do this correctly it is essential 
to know which modes are under observation, i.e. which of 
the many dispersion curves should be fit to the 
experimentally determined frequency values. Another 

25 qualitative consideration that explains why ripple 

amplitude is small for modes with large velocities (which 
explains drop off for modes at a given qh and for all 
modes as qh is decreased to small values) is that modes 
are fast because they involve substantial motion in the 

30 substrate which is very stiff compared to the film (i.e. 
it is motion in the substrate that "speeds the mode 10"). 
Since the substrate is very stiff, equal energy 
deposition will result in smaller displacements for fast 
modes . 

SUBSTITUTE SHEET 


BNSDOCID: <WO 9301476A1_I_> 


WO 93/01476 


PCT/US92/05679 


- 45 - 

Fig. 10 illustrates bulk and surface ripple 
amplitudes for a single value of wavevector q, given the 
film thickness h. Fig. 11 is a three-dimensional plot 
showing the calculated film surface ripple (the product 
5 KR) excited through ISTS as a function of qh and velocity 
for the various modes in 1 fim film. Fig. 12 displays the 
analogous results for the interface ripple. The x-y 
plane of these figures shows the mode velocity dispersion 
as in Fig. 8, while the z axis shows the relative ripple 

10 displacements for a given energy density of the ISTS 
excitation pulses. Note that since the displacements 
associated with each pseudo-Ray leigh mode are different 
the relative ripple displacements for the film surface 
and the film - substrate interface are also different. 

15 Both, however , exhibit the same general trend of 

decreasing ripple amplitude with increasing qh. For 
fixed h as in this simulation, this corresponds to 
decreasing mode displacement amplitude with increasing 
wavevector which, as discussed earlier, is expected for 

20 ISTS excitation. In addition to this decrease in 

amplitude which is approximately like 1/q for values of 
qh above 1, there is a distinct decrease in the magnitude 
of the surfaces ripple for small values of qh. This 
decrease is attributed to the fact that as q is decreased 

25 to values near zero, even the lowest modes take on large 
velocities. Thus, as discussed above, these modes are 
not well localized and so have small peak displacements. 
For this reason, the ripple due to such modes is small. 

In addition to the decrease in surface ripple at 

3 0 both high and very low values of q, it is seen in Fig. 11 
that there is a "cross-over" near qh=1.5 where, upon 
increase in qh, the surface ripple due to mode two 
becomes small and that due to mode one becomes large. 
This occurs because the character of these two modes 

35 switch in this region. This "crossover" is evident from 
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the dispersion curves of Fig- 14, in which there is an 
"avoided crossing" of the first two frequencies, and 
through a comparison of modes one and two at qh=2 . 5 given 
in Fig. 10 and at qh=0.8 given in Fig. 13. (The presence 
5 of this cross over effect is a property of ripple 
phenomena . ) 

The relative contribution of each pseudo-Rayleigh 
mode to ISTS signal can be calculated using eq. (16) and 
the ripple information contained in Figs. (11-12) . The 

10 resulting mode intensity ratios can then be compared to 
the ratios found in the raw ISTS data for each value of 
qh and h. When the interface displacements are not 
negligibly small compared to the surface displacements, 
interference effects between these two contributions to 

15 diffracted signal become important so that with different 
experimental conditions - such as probe angle of 
incidence or film thickness - ISTS data can show vastly 
different mode intensity ratios (cf. eq. 35). 
Conversely, when one or the other set of displacements 

20 dominates, interference effects can be ignored and the 

resulting mode intensity ratios become independent of the 
precise experimental conditions and mimic the behavior of 
the relevant ripple displacements. From Figs. (11-12) it 
is clear that the theoretical surface displacements are 

25 over an order of magnitude larger than the interface 

displacements for the two lowest velocity modes with qh 
values above -0.5, while for the other modes and at lower 
qh, the surface and interface displacements are of the 
same order. Calculations performed at other film 

30 thicknesses between 1 and 5 fim show this same general 
behavior. Thus, for the samples examined in this study, 
one would expect the relative intensities of the two 
lowest modes to mirror the relative intensities shown in 
figure 9 for qh>0.5. (An analysis of the complete mode 
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intensity spectrum requires the full solution of eq. 
(35).) 

D. Quantitative Analysis of ISTS Data 

As stated earlier, the dc term dominates the ISTS 
5 signal for these experiments. In fact the power in the 
zero- frequency peak of the Fourier transforms ranged from 
30 to 200 times greater than the acoustic peaks. Thus, 
the heterodyne terms in equation (35) dominate and the 
frequencies of the most intense Fourier peaks will 

10 correspond to the fundamental pseudo-Rayleigh mode 
frequencies d>j. 

The values of found for all the scattering 
wavevectors and sample thicknesses in this study were 
converted to phase velocities and plotted versus qh. The 

15 results are showing in Fig. 14. In cases where multiple 
modes were excited, only those with Fourier transformed 
intensities greater than half that of the largest were 
plotted. In addition, to eliminate the possibility of 
spurious peaks due to sample imperfections, data points 

20 were taken at several spots on each sample and only 

frequencies that were consistent from spot to spot on the 
same were kept. The estimated experimental uncertainties 
for the velocities range from 1% at the highest qh values 
to 5% at the lowest qh values observed for each sample. 

25 The qh values are accurate to ±0.1. The main source of 
error results from uncertainties in the scattering 
wavevector which are derived from uncertainties in the 
mechanical measurement of the scattering angle. This 
error can be substantially reduced by deducing the 

30 scattering wavevector directly from ISTS data taken with 
a well characterized reference sample. 

The solution for the pseudo-Rayleigh mode 
dispersion for this system requires the density and the 
longitudinal and transverse velocities for both the 

35 silicon and the Pyralin as inputs. For silicon, p B = 2.33 
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g/cm and the isotropic velocities are V L S = 8945m/s, and 
V T S =5341 m/s. For Pyralin, the values given by Dupont for 
the density and Young's modulus (Y) are 1,45 g/cm 3 and 
2. 4 GPa respectively. 22 To the inventor's knowledge, 
5 there is no reported measurement of Poisson's ration (v) 
for this film. All three of these values are necessary 
to obtain the longitudinal and transverse velocities for 
the film according to eqs. (36) and (37). 


10 


V 2 - 


2p(l + \)) (36) 


v 


Different sets of dispersion curves were generated by 
solving eq. (25) using the silicon and Pyralin parameters 
given above and varying Poisson's ration for Pyralin from 
0 to 0.5. None of these theoretical data sets were able 

15 to fit the experimental data adequately. The 

experimental data was thus fit numerically using the 
Marquardt-Levenberg nonlinear least squares algorithm and 
allowing all three of the Pyralin parameters to vary. In 
performing such a calculation, one must assign each 

20 experimental point to a particular dispersion curve. 
This was fairly straightforward for the data shown in 
Fig. 14 since the experimental points group together into 
well-defined curves resembling the pseudo-Ray leigh 
dispersion curves. The theoretical results shown in 

25 Figs. 11 and 12 and discussed above indicate that the 

lowest velocity pseudo-Rauleigh modes should give rise to 
the strongest signals for most of the wavevectors used. 
It was therefore assumed that the two lowest-velocity 
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sets of data points correspond to the two lowest-velocity 
pseudo-Ray leigh dispersion curves. The Pyralin 
velocities ( v Lf and v Tf ) parameters were adjusted to fit 
the points on these lowest-velocity curves with the 
5 density fixed at the measured value of 1.45 g/cm 3 . Fig. 
* 14 shows the data points and the fit. Using the values 

obtained, the other pseudo-Rayleigh dispersion curves 
were calculated and plotted on Fig. 14. The agreement 
between these higher-velocity pseudo-Rayleigh dispersion 

10 curves and the higher-velocity data points is excellent, 
with no further adjusting of any parameters. 

The Pyralin velocity parameters determined from 
the fit are v Lf = 2650 m/sec and v Tf= 1160 m/sec. While 
it is never certain that the global minimum in the value 

15 of x 2 using nonlinear least squares fitting routines is 
reached, these values correspond to the lowest minimum 
found after starting from many different initial guesses 
for the parameter values. Varying either of the Pyralin 
velocity parameters by 10% led to substantially worse 

20 fits. Varying the substrate parameters by the same 

amount led to worse fits for values of qh<l, but did not 
affect the quality of the fits at higher qh values. It 
is thus estimated that the overall uncertainties in the 
pyrlain velocity parameter values to be ±5%. 

25 The relative intensities of the two lowest modes 

can be compared to the film surface displacements of Fig. 
11 for qh>0.5. Experimentally, Fig. 14 shows that at 
least one of these two modes is present for all the 
samples. According to figure 9, the second lowest mode 

30 should dominate from qh — 0.5 to qh-1.5 while at higher qh 
values, i.e. above the crossover discussed earlier, the 
lowest mode should have a higher intensity. Upon 
examination of figure 12, this qualitative behavior 
definitely obtains since, for all the samples, the 

3 5 density of observed data points is much higher for the 
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second mode than for the first qh values less than the 
crossover, while at higher qh values the only observed 
data points correspond to the first mode. A quantitative 
mode intensity analysis is possible by accurately fixing 
5 or measure the probe angle of incidence 0 A since, 

according to eqs (29-34), changes in 6 L significantly 
change the values of F and G in eq. (35) which in turn 
can change the final mode intensities seen in an ISTS 
experiment. 

!0 The outlying high velocity data points observed 

are not strictly pseudo-Rayleigh surface modes but rather 
represent modes which arise from interactions with the 
free substrate boundary. Their counterparts for the 
semi-infinite substrate are known as "leaky" modes which 

15 are damped due to the fact that they lose energy to the 
semi-infinite substrate as they propagate. The behavior 
of the modes can be elucidated by treating the finite 
size of the substrate explicitly. This is demonstrated 
below. 

20 The solution for the transient grating excitation 

of a thin film coating is generalized to include the 
effects of a substrate with finite thickness. The formal 
solution for the displacement potentials is still given 
by eqs. (13-14). However, now the finite substrate has a 

25 free boundary at y=H (cf. Fig. 7) which is ignored for 

the semi-infinite system. For this reason, the C 4 and Cj, 
terms of eg. (13-14) are no longer unphysical and must be 
retained in order that the normal components of the 
stress at this new surface can be fixed to zero. 

30 With the two new boundary condition equations and 

the two new unknown potential constants, eq. (16) becomes 
an 8x8 matrix equation. Using the Duhamel -Neumann 
expression for the stress (eq.) 15), and assuming as 
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before that there is no heating of the silicon, it can be 
shown that the new matrix equation takes the form 

C f D £ =F f (38) 

where 
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Information is extracted from this matrix equation 
with the same techniques that were used for the 6x6 
equation in the main text. The resulting dispersion 
curves for the thirty lowest velocity modes of a system 
5 composed of 3 Pyralin film on a 330^m silicon 
substrate are showing in Fig, Al. One can see that 
relaxing the semi-infinite substrate assumption give rise 
to extra plate modes propagating predominantly within the 
substrate with velocities above the substrate transverse 

10 velocity V T S which was, in the semi-infinite case, the 
cutoff for propagating modes of the system. The 
dispersion curves for velocities sufficiently below the 
V T B are almost identical to those for the pseudo-Rayleigh 
modes calculated using the semi-infinite substrate system 

15 and shown in Fig. 14. The only differences occur at 
phase velocities near the cut-off and, for the lowest 
velocity mode, at very low (<0.2) qh values. This 
behavior is expected and confirms that the semi-infinite 
substrate approximation is adequate to explain nearly all 

20 of the pseudo-Rayleigh modes seen in these experiments. 

The extra plate modes above V T 8 are produced as a 
result of acoustic reflections from the free substrate 
surface. They can be obtained within the semi-infinite 
substrate approximation as well, but only as "leaky" 

25 modes with finite lifetime due to energy flow into the 

infinite substrate. The existence of these modes for the 
Pyralin/ silicon system used in these experiments provides 
an explanation for the ISTS data points occurring above 
v T f in Fig. 14. 

3 0 E . Discussion 

The values, of v Lf = 2 650±13.a.,m/seQ and v Tf = 1160± 
60 m/sec deduced in this study for Pyralin 2555 combined 
with the density of 1.45 g/cm 3 correspond to a Young's 
modulus of 5.4±0.5 GPa and a Poisson's ratio of 
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0.38+0.02. (The uncertainties given for Young's modulus 
and the Poisson ratio are calculated from the 
uncertainties for v Lf and v Tf determined from the study 
above and do not account for uncertainties in the film 
5 density.) To the inventor's knowledge, this represents 
the first measurement of Poisson' s ratio in this 
material. This value for Young's modulus is over 100% 
higher than the previously measured value of 2.4 GPa. 
The value of Young's modulus can depend very sensitively 

10 on the method of film curing. Thus, the difference is 
believed due to intrinsic difference in sample 
characteristics . 

Polyimide films can exhibit variation in the 
degree of chain orientation and in density as a function 

15 of depth. These measurements yield values which are 
averaged over the film thickness and so do not provide 
direct information about depth dependences. Measurements 
of thinner films may yield different parameters, 
indicative of differences in film properties very close 

20 to the substrate surface. By tilting the grating 

wavevector so that it has a component perpendicular to 
the film, it is possible to determine separate in-plane 
and out-of -plane elastic moduli. The theoretical 
treatment outlined here could be generalized to take this 

25 into account. 

In general, there are several different protocols 
available for extracting the elastic parameters from XSTS 
data on thin supported films. One method, which was 
demonstrated above, involves determining the mode 

30 velocities at a range of qh values - by either changing 
scattering angle or sample thickness or both - and then 
varying the elastic parameters until a good match between 
theoretical dispersion curves and data is obtained. 
Experimental error can be reduced with improved accuracy 

35 of the scattering wavevector measurement and an analysis 
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along these lines with fewer gh values and higher 
accuracy can be achieved. An alternative or 
complementary method involves using the relative ISTS 
signal intensity information obtained for the different 
5 modes at each gh values. As discussed, a guantitative 
analysis of the relative intensities reguires accurate 
specification of the incident probe angle, the indices of 
refraction of the film and substrate, and the film 
thickness. The first parameter is easily determined in 

10 the ISTS experiment. The indices of refraction and film 
thickness can be measured by other technigues, or treated 
as free parameters in a fitting scheme. The elastic 
parameters may be extracted using data from only one gh 
value at which multiple modes are observed, by fitting 

15 both the pseudo-Ray leigh mode velocities and relative 
intensities. With efficient computing algorithms to 
accomplish fitting, the elastic parameters may be 
extracted with the same real-time rates demonstrated for 
the data acguisition. Generally, the experiment can be 

20 optimized with an improved probe pulse temporal profile. 
E. Determination of Adhesion Quality 

In the analysis described above, the film and 
substrate were modeled such that together they form an 
acoustic waveguide and together determine the freguencies 

25 of the acoustic waveguide modes that propagate in the 
film-substrate system. Referring to Figs. 16 and 16a, 
comparing the dispersion curves for a tightly bound film- 
substrate system with a system in which the substrate is 
removed (which would be equivalent to a film-substrate 

30 system with a substrate that has a very low stiffness) it 
is seen that the waveguide frequencies change 
dramatically. These changes r can be used to detect 
regions where the film has become debound from the 
substrate by sampling the film at various locations. 
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Further, the degree of film substrate adhesion can 
be determined. For example, the absence of a substrate 
is equivalent to the case where the film is no longer 
stuck to the substrate. If the film is slightly stuck 
5 but not tightly bound, the acoustic waveguide frequencies 
are intermediate between the case where the substrate is 
present and where it is removed. By measuring the actual 
positions of the frequencies, the degree of adhesion can 
be determined. In the adhesion model, two parameters are 

10 introduced (k z/ ky, further discussed below). One is a 
spring stiffness parameter per unit area for motions 
parallel to the plane of the film (k z ) . The other is a 
spring stiffness parameter per unit area for motions 
perpendicular to the film (ky) . Although each parameter 

15 affects the waveguide frequencies, for films with 

intermediate degrees of adhesion, we expect that since 
the film is in contact with the substrate, the stiffness 
parameter (ky) for motions perpendicular to the film will 
be large (i.e. close to the tightly bound case). 

20 Referring to Fig. 17 only the stiffness parameter for 
motions parallel to the plane (k 2 ) of the film has been 
varied. (The plot wherein k z = infinity corresponds to 
the tightly bound case, Fig. 16, and the case wherein 
k 2 =0 corresponds to the case of a film on a frictionless 

25 surface.) As can be seen from this figure, there is a 
smooth variation in the acoustic waveguide mode 
frequencies between the tightly bound case and the 
frictionless interface case (i.e. the case where there is 
no resistance to film motions parallel to the plane of 

3 0 the film but there is resistance to motions perpendicular 
to the film) . The waveguide frequencies are most 
sensitive to changes in the adhesion at small wavevector 
times thickness values. Therefore, this region can be 
probed (by varying the wavevector of the excitation) . 
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20 


The plots in Figs. 16 and 17 were generated by computer 
algorithm using inputs as follows. 


* ffy (<t) (42) 


(42b) 


(42C) 


where Jy is the stress tensor; u ± is the displacement 
vector; k z is an elastic stiffness/unit area for motion 
along the z axis; ky is an elastic stiffness/unit area 
10 for motion along the y axis (perpendicular to the plane 
of the sample surface) . These boundary conditions are 
used with the equations of motion to determine acoustic 
mode dispersion and excitation efficiency. (Discussion 
of models for a different purpose can be found in F.J. 
15 Margetan et al. , Journal of Nonde structive Evaluation, 
Vol. 7, Nos. 3 and 4, 1988, p. 131.) 

An inertial mass term was used to describe excess 
mass at the crack is dropped for the adhesion model. 
F. Analysis of Thermal Diffusio n Data 

Referring tp Fig- 18, the following is a 
derivation of a technique for measurement of thermal 
diffusion, using boundary conditions for a thin film. 
Starting with the equation of motion: 
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ay 2 


Bz 2 


cp £r 

K dt 


Q 

K 


(43) 


10 


Q represents the heat source; K is the thermal 
conductivity; C is the heat capacity per unit mass; and p 
is the density. 

It is assumed that heat flow occurs within the 
film and out of the film into the air and substrate. The 
heat flow out of the film obeys Newton's laws of heat 
propagation (i.e. heat flow is proportional to the 
temperature gradient leaving the following boundary 
conditions on heat flow: 


3T 


= hT 


y-0 


dT 

ay 


= h'T 


(44) 


In the above, the z axis is in the plane of film 
and the y axis parallel to the film thickness with the 
origin, y=0, of the film surface and where the film 
15 thickness is y=d, h and h' relate to the degree of 

thermal coupling between the film and air and film and 
substrate, respectively. For ISTS excitation: 

With Q=A(l+e i, 3 z ) (e"fy)y(t) , the transformed 
solution (using transforms above) is: 


T(s,k,y) = B( S ,k)exp{-y(k 2 + f£i}} + C ( S .k)«p{y(k* (45) 
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* K J 


(46) 


where A is the amplitude factor related to excitation 
pulse intensity and optical absorption coefficient, q is 
the wavevector and C is the optical absorption 
coefficient. Applying the boundary conditions and 
inverting the transform yields 


T(y,z,t) = 


1 + cxp 


cp 


•t e 


Xexp 
n 


r~ 2 


L cpd ; 


t F(y,r n ) 


(47) 


with 

(h-h*)r n d 


tanr n = 


n (48) 


and 


2A 


2 - dfh'-hjsinrn + (h'-h)J^— dcotr n jcosr a J 


(49) 
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In the quasi-static limit, the displacements are 
related to the temperature as follows: 


(50) 


j, .- ?- 


5 where a T is the coefficient of thermal expansion and Jl is 
the displacement. 

In this limit, the temporal dependence of /I is 
determined by the temporal dependence of T. Thus, the 
signal is a sum of exponentials with the same decay rate 
10 in equation (46) . The different decay rates can be 
extracted with a linear prediction routine. With the 
rates determined in this manner, comparison can be made 
to theory to determine: 


C( c f < 51 > 

15 by changing q and d, then, predictions can be made for 
the form of the experimental decay. In this way, 
equation (51) can be compared to experimental values to 
determine the accuracy of the calculated values. 
Further Embodiments 

2 0 It will be evident from the above that the 

invention enables many embodiments and advantages. While 
the experiments may be carried out on thin films to 
particular advantage as discussed above where surface 
ripple is the predominant phenomenon leading to 
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diffraction of the probe, the ripple effect may also be 
induced on thicker samples. The experiment can be 
optimized to selectively analyze diffraction from ripple 
over diffraction from bulk, refractive index 
5 modification. The ripple effect can be preferentially 
detected by maximizing the amount of reflected light by 
increasing the incident angle of the probe beam. The 
optimum incident angle may be determined based on sample 
thickness and the refractive index to enable a large 

10 incident angle while avoiding substantial losses due to 
total internal refraction. The detection of diffraction 
from the ripple effect can also be optimized on 
freestanding samples by detection of transmitted and 
reflected probe radiation and subtracting the former, 

15 which contains bulk-properties information, from the 

latter, which contains ripple information. (It will also 
be understood that for thin films, ripple from both sides 
of a film can be detected, even for films on a substrate, 
in which case ripple of the sample-substrate interface 

20 can be detected.) The presence of signal induced from 
bulk properties can also be detected by study of the 
polarization of the diffracted beam. A polarizer can be 
positioned after the probe focusing optic (e.g. optic 54) 
and another polarizer positioned before the detector 

25 (e.g. detector 58). As discussed above bulk properties 
vary the incident polarization. The polarization can be 
studied as a function of incident angle to determine the 
optimum angle for detecting ripple induced diffraction. 
Further, the excitation radiation can be optimized to 

30 enhance the diffraction signal arising from ripple. The 
wavevector dependence of the signal can be studied (e.g. 
with a .jpomputer) to determine that the diffraction signal 
is predominately from ripple. Generally, a smaller 
excitation wavevector (longer excitation wavelength or 

3 5 smaller angle of incidence of the excitation beams) 
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enhances the ripple effect. In the experiments on the 
sample as described above, the maximum wavevector for 
which signal was obtained was about g=1.81/tm- 1 . Larger 
maximum wavevectors can be used if a less stiff sample or 
5 higher intensity probe laser is used. 

Other embodiments are within the scope of the 
following claims. 

What is claimed is: 
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Claims 

1. An apparatus for measuring the properties of a 
sample of material, comprising: 

a first, excitation source for producing 
5 excitation radiation adapted to impinge upon said sample 
of material, said excitation radiation comprising pulsed 
radiation composed of at least two component pulses which 
interfere within said sample, said excitation radiation 
being sufficient to induce a transient phonon in said 
10 material which gives rise to a transient, time dependent 
periodic ripple morphology on a surface of said sample, 

a second, probe source for producing probe 
radiation arranged to reflect from the periodic ripple 
morphology on the surface of said sample to form a 
15 diffraction signal, 

a detector for detecting the diffraction signal 
from said probe source radiation reflected from said 
surface, and 

an analyzer for selectively analyzing said 
20 diffraction signal formed by said transient ripple 
morphology. 

2. The apparatus of claim 1 wherein said probe 
source produces radiation that is not substantially 
absorbed by said sample. 

25 3. The apparatus of claim 1 wherein said probe 

source produces radiation that is absorbed about 10% or 
less than said radiation from said excitation source. 

4. The apparatus of claim 3 wherein said probe 
source, produces radiation th^,t . is absorbed about 1% or 
30 less than said radiation from said excitation source. 
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5. The apparatus of claim 1 wherein said 
excitation source radiation comprises ultraviolet 
radiation absorbed sufficiently by said sample to induce 
heating that gives rise to said phonon and ripple 

5 morphology. 

6. The apparatus of claim 5 wherein said probe 
source radiation comprises visible radiation not 
substantially absorbed by said sample. 

7. The apparatus of claim 1 wherein said sample 
10 comprises a thin sample of about 500 /xm or less. 

8 . The apparatus of claim 7 wherein said thin 
sample is about 10 fim or less. 

9. The apparatus of claim 1 wherein said sample 
comprises a thin polymeric film. 

15 10. The apparatus of claim 9 wherein said film 

comprises a f ree-rstanding film. 

11. The apparatus of claim 9 where said film is 
disposed on a support. 

12 . The apparatus of claim 1 wherein said 

20 analyzer includes a polarizer for determining change of 
polarization of said probe beam after diffraction from 
said surface to selectively analyze diffraction from said 
ripple morphology. 

13. The apparatus of claim 1 wherein said 

25 analyzer is for analyzing said signal as a function of 
the wavevector and to selectively analyze diffraction 
signal from said ripple morphology. 
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14. The apparatus of claim 1 further including a 
probe beam and detector constructed for detecting and 
resolving a substantial time-portion of the time- 
dependent diffraction induced by each excitation pulse. 

5 15. The apparatus of claim 14 wherein said probe 

radiation is of a selected pulse width and said detector 
is adapted to detect the time-dependent diffraction for 
the duration of said probe pulse. 

16. The apparatus of claim 15 wherein said 

10 detector is constructed to detect the entire detectable 
time-dependent diffraction induced by each excitation 
pulse. 

17. The apparatus of claim 16 wherein said 
excitation radiation has a pulse width on the order of 

15 psec duration and the probe radiation pulse width is on 
the order of nsec duration. 

18. The apparatus of claim 17 wherein said 
detector has a time resolution on the order of 1 nsec. 

19. The apparatus of claim 14 wherein said probe 
20 pulse has a peak power output of about 1000 watts or 

greater . 

20. The apparatus of claim 19 wherein said laser 
comprises a Q-switch YAG laser. 

21. The apparatus of claim 14 wherein said 
25 excitation pulse is generated from a pulsed laser and 

said probe pulse is generated from a CW laser. 
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22. A method for measuring the properties of a 
sample comprising: 

impinging a pulse of excitation radiation upon 
said sample, said excitation radiation being composed of 
5 at least two component pulses which interfere within said 
sample, and being selected to induce a transient phonon 
in said sample which gives rise to a transient, time 
dependent ripple morphology on a surface of said sample, 

reflecting probe radiation from the periodic 
10 ripple morphology on the surface of said sample to form a 
diffraction signal, and 

selectively detecting the diffraction signal from 
said probe source radiation reflected from said ripple 
morphology. 

15 23. The method of claim 22 wherein said sample is 

about 500 fim thick or less. 

24. The method of claim 23 wherein said sample is 
about 10 /xm thick or less. 

25. The method of claim 24 wherein said sample is 
20 a pure polymer sample. 

26. The method of claim 25 comprising selecting 
excitation radiation that is absorbed by the sample. 

27. The method of claim 26 comprising selecting 
probe radiation that is absorbed less than said 
excitation radiation. 

28. The method of claim 27 comprising selecting 
probe radiation that is not substantially absorbed by 
said sample. 
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29. The method of claim 28 wherein said 
excitation radiation comprises UV radiation and said 
probe radiation comprises visible radiation • 

30. The method of claim 22 comprising detecting 
5 and resolving a substantial time-portion of the time- 
dependent diffraction induced by each excitation pulse. 

31. The method of claim 3 0 wherein said probe 
source is a CW laser. 

32. The method of claim 30 further comprising: 
10 providing a probe source having a power output of 

about 1000 watts or greater , and 

detecting and resolving a substantial time-portion 
of the time-dependent diffraction induced by each 
excitation pulse. 

15 33. The method of claim 30 further including 

signal averaging the diffracted radiation from multiple 
excitation pluses. 

34. The method of claim 22 further comprising 
analyzing said signal to selectively analyze diffraction 

20 from said ripple. 

35. The method of claim 32 comprising analyzing 
the polarization of said diffracted radiation. 

36. The method of claim 34 comprising analyzing 
the diffracted radiation as a function of wavevector. 

25 37. The method of any one of claims 33 to 35 

including optimizing the diffraction from said ripple by 
varying the angle of incidence of said probe beam. 
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38. The method of any one of claims 33 to 35 
including optimizing the diffraction from said ripple by 
varying the wavelength or angle of incidence of said 
excitation radiation. 

5 39. An apparatus for measuring the properties of 

a thin sample of polymeric material comprising: 

a first, excitation laser source for producing a 
pulse of radiation adapted to impinge upon said sample, 
said excitation source comprising a pulsed source 
10 composed of at least two component pulses which interfere 
within said thin film, said excitation radiation adapted 
to induce a transient phonon in said material, 

a second, probe laser source for producing 
radiation, said probe radiation being of selected 
15 wavelength not substantially absorbed by said sample and 
arranged to reflect from the surface of said sample to 
form a diffraction signal, and 

a detector for detecting the diffraction signal. 

40. The apparatus of claim 39 further including a 
20 probe beam and detector constructed for detecting and 

resolving a substantial time-portion of the time- 
dependent diffraction induced by each excitation pulse. 

41. The apparatus of claim 40 further including a 
signal average for signal averaging signal from multiple 

25 excitation pulses. 

42. The apparatus of claim 40 wherein said 
excitation pulse is on the order of psec duration and the 
probe pulse on the order of nsec duration. 

43. The apparatus of claim 42 wherein the probe 
30 laser source peak power is about 1000 watts or more. 
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44. The apparatus of claim 43 wherein the peak 
power is about 10,000 watts. 

45. The apparatus of claim 43 wherein said laser 
is a YAG Q-switched laser. 

5 46. The apparatus of claim 45 wherein said 

detector has a response time on the order of 1 nsec. 

47. The apparatus of claim 39 wherein said 
diffracted radiation is reflected from the back surface 
of said sample opposite said radiation sources. 

10 48. The apparatus of claim 39 wherein said probe 

source is a CW laser. 

49. The apparatus of claim 48 wherein said probe 
source is a gated argon ion laser. 

50. The apparatus of any one of claims 3 9 or 48 
15 wherein said probe has a power output of around 1 watt. 

51. The apparatus of claim 39 including an 
analyzer adapted for determining the adhesion of said 
polymer sample on a substrate surface from said 
diffraction signal. 

20 52. The apparatus of claim 39 including an 

analyzer adapted for determining the thermal diffusion of 
said sample from said diffraction signal. 
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The quality is considered a factor which relates the 
similarity or dissimilarity of the optical responses of the 
several samples to the generation of a stress wave or pulse 
by the pump beam. 

5 This invention also pertains to the application of the pump 
and/or probe beams at different spatial locations on the 
sample with the intention of characterizing an intervening 
part of sample. The intervening part of the sample may be, 
by example, an interface, a crack, or a material in which 
10 signals cannot be directly generated, but which is desired 
to characterize. 

The teaching of this invention furthermore pertains to 
methods and apparatus for exciting modes of one or two 
dimensional patterned objects for the purpose of 

15 characterizing their shapes, layer thickness, adhesion, and 
structural integrity. This aspect of the invention may be 
considered as a generalization of the foregoing features 
and advantages, and is directed' to samples which are not 
thin films of uniform thickness and which may be large 

2 0 compared to their- thickness. For these samples the 
analysis preferably includes the calculation of the stress, 
Strain, electric fields due to the pump and probe light 
pulses, etc., as a function of two or three spatial 
coordinates rather than only the distance from the surface 

25 of the sample. Whild the time-step method described above 
may not be applicable to solving this problem, because it 
is applicable to one dimension, other numerical simulation 
methods may be applied to perform the calculation of how 
the stress changes with time. Also, the previously 

30 described simulations employ optical transfer matrices to 
calculate the electric field distribution of the pump light 
and the change in optical reflectivity (or other changes in 
the characteristics) of the probe light. However, the 
optical transfer matrix method is not applicable to 
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10 


the arrival time of the echo. The function f (t) may be the 
shape of the echo measured on a reference sample having 
known physical characteristics or determined by simulation. 
The echo time, or times, as determined are then used to 
yield film thicknesses or interface characteristics. 

In view of the foregoing descriptions, it should thus be 
realized that the teaching of this invention also pertains 
to methods for deducing the physical characteristics of 
thin films or interfaces, in which the steps include the 
sequential application of some or all of the above- 
described methods in order to determine the physical 
parameters of a complex sample having more than one layer 
or interface. 

The teaching of this invention also pertains to methods for 
15 deducing the sound velocity and refractive index of a film 
or substrate in which a stress wave is generated by a light 
pulse, and in which an oscillating response is observed in 
the detected probe beam as a function of delay, and 
measurements of the oscillation period are made 
corresponding to at least two angles of incidence of the 
probe beam on the sample's surface. Measurements at 
several angles may be made sequentially or simultaneously. 
In this case the film may be partially absorbing, and could 
be a film which is underneath (i.e, on the substrate side 
25 of) another partially-absorbing film or films. 

Also encompassed by the teachings of this invention are 
methods of relating the quality of a sample to another 
reference sample prepared under a particular set of 
conditions, by comparing the observed temporal response of 
3 0 the sample with that measured for the reference sample 
under similar conditions. The result of the comparison may 
or may not ascribe a cause for any observed differences to 
a specific physical or chemical property of either sample. 
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* stress pulse that is induced by the pump 
structures, to a stress p vibrating structures, 

pulse, to simulations of the array or v 

teaching of this invention also 
Furth er in this £° the ^ 

- sr.Lr;rr„rr..::. . : .... ... - »• »— 

response . 

•4-v, teachinq of this invention, 
Further in accordance wxth the teaching 

a picoS econd -^r^i^salp^, and uses 

15 « — based on either 

or both of the following two methods, 
minimum amplitude or inflection point. 

In .etnoa . — t - X 

~f the echo as seen in AR(t) ^or, 
arrival of the echo convo lution of the 

AT(t), AP(t), a*(t), and L6 (t) ) by e 
25 measured echo with a suitably chosen function *( 
time. Thus, the convolution 

c(tl ) = jAR(t) f(t-t,)dt (12) 

' , ^ d The time" t. is then adjusted so as to 

is calculated. The ^i* i t maximize C. 

fho ^suit of the convolution, i.e. to na*i 
30 maximize the result of estimate of 

The resulting value of t, xs then us 
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30 


sample that includes, bv evam«i- 

substrate, or a very th ln fil" ^ tMn *"* °" • 

such as aluminum, and an inte^i " lav ^ °* 3 ""^ 
Poller. The Beasured re ™^' —Poised of . 

determine the damping rat e of T t v analy " d tD 

«- This dampino rate i s ^"i 0 " ° f 

-e determined for .M^'^r 8 dMPin9 
which the interface between th. «, ° laSSlcal acoustics in 
<=r 'thicker film, is ZZtZTJT 
("adhesion strength-, per u" t area """^ 
Parameter, which Kay be consldered ^ Th is coupling 
parameter that is a n„»=,. " a spring const a nt 

strength of a spring per ZZ^ ^ *» «" 

surface of the thin f t 63 " hiCh c °""acts the 

thicker fiim The adh ! " SUb « r «^ - to the 

agreement ^J^TZTJ^Z^ * ^ 

the demping, and is thus used as a MaSUred ^ ° f 

Of the interface. 3 '" eaSUre ° f «» 'JUality 

As was also indicated previously, the t..o»- 
invention furthermore pertains to ' teachln * of this 

system in which a sample^ co JL """sonic 
identical structures having dime„ s °* ^ ° f 

Pump and probe spot dialtlr " t T ™* 16=5 the 
^ simultaneously sxcittd V luT b^ 
simultaneously examined by the ortb. k then 
each structure is simulated by the L t „T' reSP ° nSa ° f 
-e characteristics of the £Z£2ZL<£"^ ^v*' 
comparison of the simulation a „d -'J^^* 

- t^s ~::r;ti te r s nethods - — - 

structures arranged J^X 1 ' 

statistical distribution of sizes of such I ^ 

- accomplished by comparing the observed respoTof Z' 
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gives a change in the reflection coefficient of the probe 
light Which can be calculated according to the methods 
described above. Let this change when the nth mode has 
unit amplitude be B n . This change is linear in the 
5 amplitude of the acoustic normal mode. Hence, the total 
change in the reflectivity of the probe light at time zero 
is 

AR(t=0) = sum n A n B n (10) 


10 


15 


20 


25 


Fifth, let the frequency of the nth normal mode be f n . 
Then the total change in reflectivity of the probe light at 
any later time t can be calculated as 


AR(t) = sum n A n B n cos(27rf n t). 


(ID 


30 


This simulation method has the advantage that through the 
use of the formula just given the change in ref lectivxty at 
any chosen time, or within any chosen time range, may be 
calculated without the need to consider the acoustic or 
optical processes occurring in the sample for all times 
intermediate between the application of the pump pulse and 
the time of interest. It is important to note that the 
amplitudes A n and the coefficients B n need be calculated 
only once, and can then be used to find the response at any 
later time. 

It should be further noted that the above description 
refers to the use of this method for the calculation of the 
change in reflected intensity of the probe beam. However, 
completely analogous methods can be used to simulate the 
other responses of interest, i.e. AT, AP, A«, and A6 . 

As was indicated previously, the teaching of this invention 
is also directed to a picosecond ultrasonic system which 
enables the measurement of a vibrational response of a 
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very difficult and time-consuming because of the very i M 
number of acoustic modes with v.™ 7 , 9 
frequencies. However for th. closely-spaced 

er ' £or the purposes of creator, =~ 
accurate simulation of the tvnl^i „ - lng an 

g- tne typical data on thi<? 

.su^r:™ ; h rr t h tr suffioient to consia - «- 

s-hstrat. shouia £ su^cittlT^ °* '""^i 81 

re i fl f^. 0 . _ e aexay or the probe 

relative to the pump to a time delay of iooo psecs and T 
sound velocitv v p ecs ' and the 

f . ty V ln the s «bstrate is 5x10* cm sec'' th e n 

- -TE^T^T can be taken to — a 

as 2.5 microns, if the thickness is at 

ana hence the JT™""*" 
■rttttoUl substrate a„a tH thlCk " eSS bet — the 
irrelevant. . aCtUal strata is 

calcm»f^ TJ . . er the normal modes iust 

calculated it is possible to choose a ^ ■ 

for the normal w 6 a set of amplitudes 

^ llurina -i- modes such thAf u k«« a , 

-ch noma! Me are added ZiZIT"™ °< 

the amplitude of ^ 3 ' takj -ng allowance for 

•"pAimae or each mode, thta -in-;-*.-:^-. 

ia accurately reproaucea. V^i^* J^/ 1 "* 11 "* 1 - 
nomal node nay he aenotea as A """^ ° f *■» " th 

n ' 

Fourth, each normal mode h aa - 

stress pattern associate" wit h it ^ 

ea with it. This stress pattern 
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For both of these methods it is important to establish the 
autofocus conditions prior to making measurements of AV probe . 
since C depends on the value of A effective 

ref I , 

The teaching of this invention furthermore encompasses a 
5 picosecond ultrasonic system in which the results of 
measurements are compared with computer simulations of the 
measured response, as described above, but using a 
different method to perform the simulation. In this case 
the following steps may be employed. 

10 First, the initial stress distribution in the structure is 
calculated using the method described above. 

Second, the acoustical normal modes of the structure are 
calculated through solution of the equations of physical 
acoustics together with appropriate boundary conditions at 
15 the interfaces between the films, at the free surface of 
the sample, and at the free surface of the substrate. All 
normal modes up to certain maximum frequency f^ are 
calculated. The choice of this maximum frequency is 
related to the sharpness of the features, such as echoes, 
20 that appear in the measured data. As an approximate rule, 
if it is desired to simulate data for a structure of 
interest which has a characteristic time-scale t, it is 
necessary to choose f^ such that the product of f MX and t 
is at least as large as unity. Thus, for example, if the 
25 measured data contains an echo of width 1 psec, then to 
perform an accurate simulation it is desirable to calculate 
all normal modes up to the frequency 1000 GHz. 

The substrate thickness is typically in the range around 
200 microns, whereas often the total thickness of the thin, 
30 films deposited onto the substrate is a micron or even 
less. A calculation of the normal modes of a sample 
consisting of films on a substrate of this thickness is 
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Eq. 6 could be expressed as 

AV probe-re„ = ° V^-inc AR sio (t) V^.^ (1-R^) (8) 

where A Vprobe . refl is the output voltage froffl detect 
measure the change i„ the power of the reflected probe 
ight (Di) , v wjnc is the output voltage from the detector 
used to measure the incident pump light (D4) , and V 
is the output voltage of the detector used to measurT^ 

z^t r°: e - iight (D2) - Thus ' to pr ° vide - e "-tivi 

xnstrument xt xs sufficient to determine the constant c 
metldT " aCC ° mPliShed * — - - e following two 

(a) A first method measures the transient response Av 
ren for a sample in which all of the quantities are Jcnotn 
whxch enter into the calculation of the simulated 
reflectxvxty change AR, m (t, of the sample when it is 
xllumxnated with a pump pulse of unit energy per unit area 
of the sample. Next, the method measures v . and V 
then determines R^ either by measur ^t '"or fro™ 
computer simulation. The method then finds the value of thl 
constant c such that Eg. 8 is satisfied. 

(b) A second method measures the transient response AV 
r.n for a reference sample for which the transient optical 
response AR(t) , when it is illuminated with a pump pulse of 
unxt energy per unit area of the sample, has 

examlle 3 b ~ calibrated, for ' 

Z2 « L Y " ° f meth0dS d —ibed above. The 

-thod then measure Wjnc and v de termines R b t 

such that the following equation is satisfied. 
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To build a truly effective instrument it is essential that 
the effective area A effective be stable throughout the course 
of a sequence of measurements. To ensure this, the system 
of this invention incorporates means for automatically 
5 focusing the pump and probe beams onto the surface of the 
sample so as to achieve a reproducible intensity variation 
of the two beams during every measurement. The automatic 
focusing system provides a mechanism for maintaining the 
system in a previously determined state in which the Size 
10 and relative positions of the beams on the sample surface 
are appropriate for effective transient response 
measurements . 

It should be noted that for any application in which the 
amplitude of an optical transient response is used to draw 
1S quantitative conclusions about a sample (for example, when 
£. magnitude of a feature that arises fro* an acoustxc 
echo is influenced hy the condition of a buried interface) 
a calibration scheme such as described above must be a 
feature of the measurement system. 

2 0 The preceding description of the method for 

of the computer simulation results and the system 
measurements supposes that the several detectors rn the 
measurement system are calibrated. It is con templated that 
such a system will use detectors operating in the linear 
25 range so that the output voltage V of each 

proportional to the incident optical power P. For each 
detector there is thus a constant G such that V-GP. The 
preceding description assumes that the constant G is Known 
for each and every detector. In the case that this 
information is not available, the individual ~^«"° n 
factors associated with each of the individual detectors 

measuring P probe .,.. — M * ""^I^ 

, and f into a single overall system calibration 

co^tTnt C. Therefore in terms of a calibration factor C, 
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the sample, i o t /-n 

Wine ( r ) and Wjne ( p as a funct . on 

of position, and uses the results r>* <-x 

calculate a „ Thi * ° f th ~ » ea ^rements to 

"effective* This as possible +-,-. ^ 

requires very careful M , Passable to accomplish but 

(b) A second method measures the fr anc ^ « 

the two systems. This nan k effective areas for 

the system s can to Z " ' ^ ^ b ™ 

system in which the areas Tn ' SPeCially ^tructed 

» -ams are larger S^TL^E^ T ^ * ^ 
-th rapid measurement capabl^ sll7 Z 
large for this system it i s , 6aS are 

intensity variations of th- ^ t0 MeaSUre the 

nS ° f the pUffl P an <* probe beams over the 
surface of the sample, i. e , i /-\ _ 

' 1 Probe- (nc ( r ) and I . 

— - change 4^(1, ^^L". 

'* enter into the calculation T 9Uantlt " s **own which 

change a R . (t, ot T. ? Si »" lat ^ reflectivity 

* 4 "Simlw of the sample when it- *m m 

PU-P pulse of unit energy per unlt t ^"-inated with a 
^ comparison of the nZ^JZlnsTL """^ ^ 

with the response predicts TrT 
' area W is determined; ^ 6 *"* effKtl ™ 
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where W (? and W , Q are respectively the 
intensities of the probe and pump beams on the surface of 
the sample. One can consider A^ to be an effective area 
of overlap of the pump and probe beams. 

5 Analogous expressions can be derived for the . change . in 
optical transmission AT(t) , the change in optical phase 
A*(t), the change in polarization AP(t) , and the change 
A0(t) in the angle of reflection of the probe light. 

The following quantities are measured by the system: AP^ 

p r. The computer simulation gives 
predicted values for AR. iro (t) , IW and Thus 
following comparisons can be made between the simulation 
and the system measurements in order to determine the 
characteristics of the sample. 

(1) A comparison of the simulated and measured reflection 
coefficient Rpump. 

(2) A comparison of the simulated and measured reflection 
coefficient R^. 

'(3) A comparison of the simuiated and measured transient 
change in the power of the reflected prohe light. 


15 


20 


To maHe a comparison of the simulated and measured change 
it can be seen from the preceding equation (6) that xt is 
necessary to Know the value of A^. Thxs can be 
accomplished by one or more of the following methods. 

25 ,a, A first method .directly measures the 

variations of the pump and probe beams over the surface 
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• pump-inc 
**pump 


(l -^u,n D ) 


(3) 


u, h ; : s r : optioai ^ - «» each Probe 


< 1 --R™^) 
pump' 


pump 


(4) 


5 and the change 


in power of the reflected probe beam will 


be 


pump 


(5) 


10 


in a practical system the illumination of the sample does 
not, „ fact , produce a yniforn 

Pump beam. Mo reover, the int the probe lit" „iil 

also vary with position on the sample surface. To account 
for these variations the station for ls 


A P Pxobs- Ie fl =P pzobB-i a c A R sia ( t) -faSE^c ^"^punp) 


(6) 


where the effective 


area ^Weaivc is defined by the relati 


on 


( r )dA[. 


ja _ J Pump-inc 

^effective 


( r )dA 


j^-p^-inc^x) I pTobe . inc { r ) (dA 


(7) 
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to laterally patterned structures will be evident to 
workers skilled in the relevant art, when guided by the 
following teachings. Similarly, the following discussion 
will consider, again as a specific example, a particular 
5 one of the transient optical responses, namely the change 
AR(t) in optical reflectivity. The generalization of the 
discussion to a consideration of the other transient 
optical responses aforementioned should also become evident 
to workers skilled in the relevant art, when guided by the 
10 following teachings. 

In this example the computer simulations calculate the 
change in the optical reflectivity AR 4im (t) of the sample 
when it is illuminated with a pump pulse of unit energy per 
unit area of the sample. The simulation also gives a value 
for the static reflection coefficient of the pump and probe 
beams. The system measures the transient change AP prob< ^ n in 
the power of the reflected probe pulse as determined, for 
example, by photodiode Dl in Fig. 18. It also measures the 
static reflection coefficients of the pump and probe beams 
from a ratio of the power in the incident and reflected 
beams. The incident probe power is measured by photodiode 
D2 in Fig. 18 , the reflected probe power is measured by Dl, 
-the incident pump power is measured by D4 , and the 
reflected pump power is measured by D3 . 

25 To relate the simulation results for the transient change 
in the optical reflectivity to the system measurement it is 
necessary to know: (a) the power of the pump and probe 
beams; (b) the intensity profiles of these beams; and (c) 
their overlap on the sample surface . 

3 0 . .... Let us suppose first -that the pump beam is incident over an 
area A,,^ and that within this area the pump intensity is 
uniform. Then for each applied pump pulse the pump energy 
absorbed per unit area is 
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layer of mass at the interface which affects the acoustic 
propagation. The contamination layer C may also lead to 
additional optical absorption at the interface. The 
additional optical absorption of the pump pulse will in 
5 this case result in additional stress waves to be generated 
at the interface. The detection of these additional stress 
waves provides a means for detecting the presence of the 
contamination layer C. This method can be applied to 
advantage for detecting contamination on the surface of 
10 optically transparent bulk materials. 

A thirteenth adjustable parameter is related to dimensions 
other than thickness and geometrical shape. These 
parameters are generally not relevant to measurements on 
samples consisting solely of planar films. Instead, these 

15 adjustable parameters enter into the characterization of 
samples of the type mentioned above with respect to 
laterally patterned structures and the like. These 
adjustable parameters apply as well to the characterization 
of an array of identical structures having dimensions much 

2 0 less than the pump and probe spot diameter, as described 
below. 

A further adjustable parameter relates to the presence of 
and thickness of a region of intermixing between two 
adjacent layers. 

!5 An important aspect of this invention concerns the precise 
relation between the computer simulations and the transient 
optical responses measured by the system. The following 
discussion describes the essential aspects of this relation 
for the particular example of a sample containing a number 

0 of planar films whose lateral extent is much greater than 
their thickness, and also greater than the linear 
dimensions of the region of the sample illuminated by the 
pump and probe pulses. A generalization of this discussion 
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electronic diffusivity of a particular film in the 
structure can be determined. 

It should be appreciated that the seventh and eight 
adjustable parameters provide, separately or in conjunction 
5 with one another, a means for the determination of the 
electrical resistance of metallic films. 

A ninth adjustable parameter involves the optical constants 
of the film(s) and/or substrate. 


10 


A tenth, related adjustable parameter is the derivatives of 
the optical constants with respect to stress or strain. 


An eleventh adjustable parameter is the surface roughness. 
The surface roughness has the consequence that a stress 
pulse reflected at the surface of a sample is broadened. 
This broadening may be introduced into the simulation and 
15 adjusted until the simulation gives the best agreement with 
the measured data. In this way the surface roughness can be 
determined. 

A twelfth adjustable parameter is interfacial 
.contamination. If an interface between two materials A and 
2 0 B is contaminated by the presence of a thin layer of 
another material C, the presence of the layer C affects the 
reflection and transmission coefficients for stress waves 
incident on the interface. For two elastic media in 
perfect mechanical contact the reflection and transmission 
25 coefficients are given by well-known formulas from physical 
acoustics. The effect of interface adhesion strength on 
the coefficients is discussed below. The coefficients may 
also be affected by other effects which are unrelated, to. 
adhesion strength. For example, in addition to changing 
30 the strength of the coupling between A and B (i.e., the 
adhesion strength) the contamination layer C provides a 
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the average phase change of the pump and/ or probe beams 
upon reflection; and/or the average polarization and 
optical phase of the incident and reflected pump and/or 
probe beams . 

5 A fourth adjustable parameter is interface roughness. By 
example, the interface roughness parameter causes a 
broadening of a stress pulse which is transmitted across, 
or reflected at, the interface. 

A fifth adjustable parameter is the interface adhesion 
10 strength, as will be described in further detail below. 

A sixth adjustable parameter is the static stress. One 
suitable procedure by which this can be determined has been 
described previously in the context of measurements made at 
two or more temperatures of the sample. 

15 A seventh adjustable parameter is the thermal diffusivity. 
The thermal diffusivity of the different films in the 
sample affects the shape and magnitude of the generated 
stress pulses. By treating the thermal diffusivity as an 
adjustable parameter, and selecting it to give the best 

20 agreement between the simulation and the measured data, the 
thermal diffusivity of a particular film in the structure 
can be determined. 

An eighth adjustable parameter is the electronic 
diffusivity. In some samples which contain metal films with 

25 high electrical conductivity the diffusion of the 
conduction electrons before they lose the energy that they 
have received from the pump pulse has a large effect on the 
shape and magnitude of the stress pulses which are 
generated. By treating the electronic diffusivity as an 

30 adjustable parameter, and adjusting it to give the best 
agreement between the simulation and the measured data, the 
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September 1988, H.T. Grahn et al., wherein reference is 
made to a simulation of a multilayer structure and a 
variation in layer thickness (as well as sound velocities) . 
As was reported in this article, it was not possible to 
5 find parameters such that the simulated response was in 
agreement with an experimentally observed AR(t) . Reference 
may also be had, by example, to the following articles that 
were also coauthored by one of the inventors of this patent 
application: "Sound velocity and index of refraction of 

10 AlAs measured by picosecond ultrasonics", Appl . Phys. Lett. 
53 (21), 21 November 1988, pp. 2023-2024, H.T. Grahn et 
al.; "Elastic properties of silicon oxynitride films 
determined by picosecond acoustics", Appl. Phys. Lett. 53 
(23), 5 December 1988, pp. 2281-2283, H.T. Grahn et al. ; 

15 and "Study of vibrational modes of gold nanostructures by 
picosecond ultrasonics", Appl. Phys. 73 (1), 1 January 
1993, pp. 37-45, H.N. Lin et al. 

A second adjustable parameter is the sound velocity. An 
example of a situation in which one may determine the sound 
20 velocity has been described above. Thus, in this context 
what is taught is the determination of the parameters n, d, 
and v by comparison of the measured data with simulations, 
.rather than by a measurement of the frequency f(0) as a 
function of the angle 0. 

2 5 A third adjustable parameter is the crystal orientation in 
a film. This can be achieved through measurement of the 
sound velocity, which is dependent on crystal orientation 
in all crystals, even those with cubic symmetry. In non- 
cubic crystals the crystal orientation of the film, or the 

30 preferential orientation of crystalline grains, leads to 
anisotropic optical properties which can be detected via. 
the measurements of the above described optical measures of 
the optical reflectivity by determining the incident and 
reflected average intensity of the pump and/or probe beams; 
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the distance along the direction normal to the surface of 
the sample. It is within the scope of this invention to 
extend the calculations to allow for the variation in the 
intensity of the pump and probe beams within the plane of 
the surface of the sample. This approach is useful for the 
calculation of the change in the propagation angle of the 
reflected probe light A6 . 

A series of such simulations are performed in which the 
assumed thicknesses of the films in the structure are 
varied. By comparison of the results of the simulation 
with some or all of the measured quantities AR, AT, AP, A<p 
and A6 the thicknesses of the films are determined. 

It is also within the scope of this invention to adjust the 
film thicknesses so as to be consistent with results of any 
or all of: (a) measurements of the optical reflectivity 
through measurements of the incident and reflected average 
intensity of the pump and/or probe beams; (b) measurements 
of the average phase change of the pump and/ or probe beams 
upon reflection; and (c) measurements of the average 
polarization and optical phase of the incident and 
reflected pump and/ or probe beams. 

It is further within the scope of the teaching of this 
invention to include simulations which incorporate as 
adjustable parameters at least one of the following for one 
or more films in order to find a best-fit to measured data. 

A first adjustable parameter is the film thickness, so as 
to adjust the thicknesses obtained in accordance with the 
method described above. 


30 


In this regard reference can be had to an article entitled 
"Time-resolved study of vibrations of a-Ge:H/a-Si: 
multilayers", Physical Review B, vol. 38, no. 9, 15 
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In some samples, particularly metal films of high 
electrical conductivity, a more detailed treatment of the 
diffusion of energy is required. The energy in the pump 
light pulse is initially input to the conduction electrons, 
5 thereby raising their energy considerably above the Fermi 
level- These electrons have a very high diffusion 
coefficient and may spread a significant distance through 
the sample before losing their excess energy as heat to the 
lattice. Under these conditions the diffusion of the 
10 energy is not adequately described by Fourier's law for 
classical heat conduction. Instead it is preferred to use 
a more microscopic approach, taking into account the 
diffusion rate of the electrons and the rate at which they 
lose energy. 

15 (C) Calculation of the transient respo nse measured bv the 
probe 

From the calculated strain distribution as a function of 
depth into the sample, the changes An and A#c in the optical 
constants are calculated. This step requires knowledge of 
2 0 the derivatives of the optical constants n and k with 
respect to elastic strain. 

From the calculated changes An and Ax in the optical 
constants as a function of depth, and the unperturbed 
optical constants of the films, at least one of the 
25 quantities AR, AT, AP, A# and Afi is calculated and compared 
with the measured results. This calculation is most 
conveniently carried out through the use of optical 
transfer matrices. 

The above description of the simulation steps. A-C is 
30 presented in terms of a one-dimensional model considering 
only the variation of the electric field of the probe 
light, the elastic stress, the elastic strain, etc. , upon 
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10 


15 


20 


passing through whatever films are deposited onto the 
substrate, is negligible. This condition holds for the 
majority of structures which are of current industrial 
interest. 

When this condition is not satisfied, and light does reach 
the substrate, it is desirable to include in the simulation 
a thickness of the substrate sufficient to include the 
entire depth over which the pump or the probe light can 
significantly penetrate. This depth is typically some 
number, e.g. five, of absorption lengths of the pump or 
probe light. This region of the substrate is then divided 
into bins of thickness as specified above. The last bin of 
the substrate is then treated according to the following 
boundary conditions. 

First, at each time step the stress within the last bin of 
the substrate, and propagating towards the interior of the 
substrate, can be considered to be completely transferred 
into the remainder of the substrate so that no part of this 
stress is reflected. Second, the stress within the last 
bin of the substrate, and propagating towards the film 
structure, is taken to be zero. 


For some samples the above division of the simulation into 
the consideration of the calculation of the temperature 
rise and the propagation of the stress may not be 

25 applicable. It is noted that, as soon as energy is 
deposited into any part of the sample, a stress is set up 
and mechanical waves are launched into adjacent regions. 
If the diffusion of energy is sufficiently large and 
continues for a sufficient period of time then the changing 

3 0 temperature and associated stress distribution in the 
sample will continue to generate new stress waves. 
However, the extension of the simulation to include this 
effect is straightforward. 
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side of the boundary and still propagating in the same 
direction and partly into the original bin but propagating 
in the reverse direction. The fraction of the stress that 
is stepped across the interface and the fraction which 
5 reverses direction are calculated from the laws of physical 
acoustics. At the top (free) surface of the structure the 
stress in the bin adjacent to the surface and propagating 
towards the surface remains in the same bin but has its 
direction reversed, i.e., it becomes a stress pulse 
10 propagating into the interior of the structure rather than 
towards the top surface. By applying this procedure to all 
bins for a sufficient number of time steps t, the stress 
distribution can be calculated for as long a time as is 
required for comparison with the measured results. From 
15 the calculated stress the strain is calculated by division 
by the appropriate elastic coefficient. 

Samples that are of interest in chip fabrication typically 
have a number of thin films deposited on top of a 
semiconductor substrate. Presently, the total thickness of 

2 0 these thin films is a few microns or less, whereas the 
substrate is typically approximately 200 microns thick. An 
important advantage of this "stepping method" is that it is 
jiot necessary to consider stress propagation throughout the 
entire substrate. Instead it is normally sufficient to 

25 consider just one bin of the substrate together with 
"boundary conditions" specified as follows. 

(1) At each time step r the stress within the single bin of 
the substrate and propagating towards the substrate can be 
considered to be completely transferred into the remainder 
30 of the substrate so that no part of this stress is 

reflected. (2) The stress within the substrate bin and 

propagating towards the film structure is taken to be zero. 
This description of the treatment of the substrate holds if 
the amount of light that reaches the substrate, after 
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matrices. Next, from the calculated electric field 
distribution, the energy absorbed in the structure as a 
function of position is calculated. Next, the effect of 
thermal diffusion on the absorbed energy distribution is 
5 considered. Next, the temperature rise of each part of the 
sample is calculated. This temperature rise is the energy 
deposited per unit volume divided by the specific heat per 
unit volume. Next, the stress at all points in the sample 
is then calculated from the temperature rise by multiplying 
10 the temperature rise by the thermal expansion coefficient 
and the appropriate elastic modulus. 

(B) Change in stress and strain with time 

The change in stress and strain in the sample is next 
calculated as a function of time and position using the 
15 laws of physical acoustics. This calculation is 

effectively performed by means of a "stepping algorithm", 
which performs the following computations. 

First, a time step t is chosen. For each film or layer that 
comprises the structure of interest a bin size b equal to 

*0 the time t multiplied by the sound velocity in the film is 
then calculated. Each film is then divided into bins of 
this size or smaller. By example, smaller size bins can be 
employed at any film boundary. The time step r is chosen 
so that each film preferably contains a large number of 

!5 bins. The results of the foregoing give the stress set up 
by the pump pulse in each bin of the structure. Next, the 
stress in each bin is decomposed into two components, one 
initially propagating towards the free surface of the 
sample and one away from it. Within a given film these two 

0 components are stepped forward from bin to bin in the 
appropriate direction. For a bin adjacent to the boundary 
between two films the stress propagating towards the 
boundary is stepped partly into the first bin on the other 
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surface from one point to another. A second purpose is to 
generate bulk waves which travel through the sample from 
the pumped region to the probe spot. Other applications 
pertain to structures that are laterally patterned. In 
5 this case the pump light may be directed so as to be 
absorbed in a "dot", i.e. a film which has a very small 
area. Stress waves generated in this dot then propagate to 
the region of the structure that is sensed by the probe 
pulse. 

10 Also disclosed is a picosecond ultrasonic system in which 
the results of measurements are compared with computer 
simulations of the measured response or responses (l)-(5), 
for example. To perform the simulation the following steps 
are performed. Reference is also made to the flow chart of 

15 Fig. 21. 

(h) Initial stress distribution 

The stress distribution in the sample produced as a result 
of the absorption of the pump pulse is calculated using 
known values for the optical absorption of the various 

2 0 materials present in the sample , the specific heats of 

Jthese materials, the thermal expansion coefficients, and 
the elastic constants. To calculate the stress 

distribution the effect of thermal diffusion may be taken 
into account. For a sample composed of several planar films 
25 of different materials with material properties uniform 
throughout each film the following procedure is used. 

From the optical constants and thicknesses of the films the 
electric field due to the pump light pulse at all points in 
the structure is calculated., in terms of the amplitude, 

3 0 angle of incidence, and polarization of the pump beam 

incident on the sample surface. This calculation is most 
readily performed through the use of optical transfer 
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scattered pump light. This embodiment is employed to 
advantage when the pump and probe sources have different 
wavelengths. The suppression of the pump light improves 
the signal to noise ratio when the sample surface is non- 
specular, and where the incident pump light is scattered at 
the sample surface. 

The invention further provides a picosecond ultrasonic 
system that incorporates optical elements for delivering 
the probe beam to the sample, and which allows the 
location, shape and/or size of the probe spot on the sample 
to be kept substantially constant and free from changes due 
to the variation of the optical path length of the probe. 
This is a more general case than the above-mentioned use of 
an optical fiber for a similar purpose. Furthermore, 
"active" correction schemes can be employed in which the 
characteristics of the probe spot are sensed, and in which 
the characteristics of probe beam (e.g., profile and 
location) are adaptively corrected. 


The invention further teaches a picosecond ultrasonic 
system that incorporates an optical guiding system in which 
the pump and probe beams are focused separately onto the 
sample. The pump and probe beams may be scanned laterally 
relative to each other. In particular, a guiding and 
focusing system can be employed in which the probe beam is 
guided through an optical fiber assembly with a tapered end 
which effects near field focusing into a spot which is 
smaller than the pump beam, and which may be scanned over 
small displacements relative while the pump beam is held 
substantially stationary. The use of a reduced tip fiber 
makes it possible to achieve spots for the pump and probe 
with dimensions as small as 1000 A. 

It is thus possible to investigate the properties of a 
sample through the study of waves propagating across the 
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mechanical delay stage. This has the advantage that a 
mechanical stage is not required. In addition, the data 
can be acquired very quickly, provided that the signal-to- 
noise ratio is acceptable. 

5 This invention further teaches a picosecond ultrasonic 
system that employs a multi-element delay stage. This has 
the advantage that the delay of the probe pulse is 
increased for a given distance moved by the mechanical 
stage. Thus, the distance travelled by the stage in order 
10 to produce a given delay of the probe pulse can be 
decreased. 

Furthermore, the invention teaches the measurement of the 
transient optical properties of the sample using a probe 
pulse that is derived from an output pulse of the laser 
15 that is different from the output pulse used for the pump. 
This enables the production of a large effective delay for 
the probe, without requiring that a very long optical path 
difference be established in the system. 

The invention also teaches a picosecond ultrasonic system 
20 which may include suitable additional optical sources, 
.including additional lasers as well as white light sources. 
These sources may be directed to the sample by a guiding 
system which may include some elements in common with the 
pulsed pump and probe beam paths. These additional light 
25 sources may be used to effect ellipsometry or 
ref lectometry, or to illuminate the sample for inspection 
purposes, or to raise the temperature at a particular 
location. 

In one aspect the invention provides a picosecond 
3 0 ultrasonic system that incorporates the color filter Fl in 
the path of the probe beam after it has been reflected or 
transmitted at the sample for the purpose of suppressing 
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10 


15 


This invention further teaches a picosecond ultrasonic 
system which incorporates an optical fiber or fibers for 
any of the following purposes: (a) guiding the laser beam 
between different parts of the optical system; (b) guiding 
the pump and/or probe to the sample; (c) collecting the 
reflected or transmitted probe from the sample; and/or (d) 
maintaining a constant probe output profile and position 
for varying input conditions. 

The picosecond ultrasonic system in accordance with this 
invention may incorporate light sources with any of the 
following features. 

A first feature employs a pulsed laser with the output 
directed to an optical harmonic generator or generators, as 
in Figs. 19 and 20. The outputs of the harmonic generator 
138 and/or the unmodified output of the laser are thus used 
for the pump and/or probe beams. This improves on 
conventional practice in that it allows for the rejection 
of the pump light at the detector of the probe beam so as 
to improve the signal to noise ratio. Also, for certain 
samples the most advantageous wavelength for the generating 
pump beam may be different from the optimum wavelength for 
the probe beam. 

A second feature employs one or more of the polarizing beam 
splitters which are used to continuously vary the ratio of 
the pump and probe beams under computer control . The ratio 
can be controlled to optimize the signal to noise for a 
given sample. It may be advantageous to change the ratio to 
achieve the best performance for samples with particular 
characteristics. 

30 This invention further teaches a picosecond ultrasonic 
system that incorporates different repetition rate lasers 
to effect a delay as an alternative approach to a 
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sound velocity/ but only the change of the velocity with 
temperature. This is an important point, since to determine 
the absolute velocity it would be necessary to have a very 
precise value for the film thickness. To determine the 
5 temperature-dependence of the sound velocity, on the other 
hand, requires only a measurement of the temperature- 
dependence of the acoustic transit time. To determine the 
temperature-dependence of the sound velocity from this 
quantity it is necessary only to apply a correction to 
10 allow for the thermal expansion of the sample. 

This invention further teaches a picosecond ultrasonic 
system which directly measures the derivative with respect 
to time delay between the pump and probe beams of some or 
all of the quantities listed above, i.e., (1) the small 

15 modulated change AR in the intensity of the reflected probe 
beam, (2) the change AT in the intensity of the transmitted 
probe beam, (3) the change AP in the polarization of the 
reflected probe beam, (4) the change A0 in the optical 
phase of the reflected probe beam, and/ or (5) the change in 

2 0 the angle of reflection A6 of the probe beam. To achieve 
the measurement of the derivative the probe pulse delay is 
varied periodically over a small range by means of an 
oscillating optical component in the pump or probe path. A 
frequency range of 10 Hz to 1 MHz is suitable for this 

25 purpose. 

One advantage of this method is as follows. In many 
applications one is interested in the time of arrival of 
acoustic echoes at certain points in the sample. These 
acoustic echoes appear as sharp features in the measured 
30 reflectivity change AR(t) as a function of time. These 

echoes can be enhanced relative to the background if. the. . w , 
system directly measures the derivative of AR (or the other 
quantities listed above) with respect to time, rather than 
AR itself. 
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pump or probe beam is derived from the pulse rate of one or 
more of the pulsed lasers in the system. This overcomes a 
problem in the prior art, wherein the modulation is not 
synchronized with the repetition rate of the laser or 
5 lasers. Thus, in each modulation cycle there can be a 
variation in the number of probe or pump pulses contained 
in one modulation cycle according to the instantaneous 
phase of the modulator relative to the timing of the laser 
pulses. This variation contributes to the noise of the 
10 system, and is advantageously eliminated in the present 
invention. 

This invention further teaches a picosecond ultrasonic 
system in which measurements for a particular sample are 
made at at least two temperatures for the purpose of 

15 detecting the change in the sound velocity in one or more 
layers in response to the temperature change. The 
temperature change may be induced by a heat lamp directed 
at the surface of the sample, by a resistive heater in 
contact with the rear of the sample, by the average heating 

20 of the sample by the pump light pulses, or by the use of 
another light source directed through some of the same 
optical elements used to guide the pump and/or probe beams 
onto the sample (or via some other optical system) . The 
stress in one or more layers is determined by relating the 

15 observed change in the sound velocity in one or more layers 
determined at two or more temperatures to the stress in the 
layer or layers. 

As has been described, it has been established 
0 experimentally that the temperature-dependence of the sound 
velocity depends on the static stress. This provides the 
basis for this aspect of the invention. 

It is important to note that the application of this method 
does not require a measurement of the absolute value of the 
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The picosecond ultrasonic system in accordance with the 
teaching of this invention can also employ the simultaneous 
or sequential measurement of the ellipsometric parameters 
of the sample using signals corresponding to one or more 
5 suitable non-pulsed additional light sources (e.g., the He- 
Ne laser 13 6) whose optical path may or may not have some 
or all optical components in common with the means for 
directing the pulsed laser beams to and from the sample. 
This overcomes some of the difficulties of conventional 
10 systems in a manner similar to the methods described above. 

An automatic adjustment of the position and orientation of 
the sample to achieve a desired overlap of the pump and 
probe beams on the sample surface can also be employed, in 
conjunction with the control of the spot size on the sample 

15 of one or both of the pump and probe lasers. This is 
accomplished, as described in reference to Figs. 16-2 0, 
with a means for detecting one or both beams after they 
impinge on the sample, and a means for adjusting the height 
and tilt of the sample with respect to the beams to achieve 

2 0 the desired focusing conditions. This approach is superior 
to the manual adjustment techniques taught by the prior 
art, in that an automatic adjustment scheme overcomes the 
jiif f iculty of a slow and unreliable manual adjustment which 
is incompatible with the need to make rapid and accurate 

25 measurements in an industrial environment. Furthermore, the 
reproduceability of measurements between samples is also 
improved . 

It is also within the scope of this invention to provide a 
picosecond ultrasonics system using one or more modulators 
30 of the pump or probe beams in which the modulation drive 
signal for one or more of the modulators, .and the pulse 
rate of one or more pulsed lasers, are derived from a 
common clock. In addition, it is also within the scope of 
the teaching of this invention that the modulation of the 


BNSDOCID: <WO 9727466A1_I_> 


WO 97/27466 


PCT/US96/20917 


59 

change AP in the polarization of the reflected probe pulse, 
the change A<p in optical phase of the reflected probe 
pulse, and the change in an angle of reflection A6 of the 
probe pulse. The measured transient responses are then 
associated with at least one characteristic of interest of 
the structure. 

However, even when the measurement of AP(t) , A0(t), or 
A6(t) does not show a response in which the feature of 
primary interest dominates, it may still be possible to 
effectively isolate the response of interest by a 
"differential method" (DM). That is, by taking a suitable 
linear combination of the different measured responses it 
may be possible to enhance the magnitude of the response of 
interest and reduce the size of the other competing 
response or responses. 

The same type of DM procedure as just described can also be 
accomplished by making simultaneous or sequential 
measurements of one or more of the quantities AR(t) , etc. 
at more than one wavelength of the pump and/or the probe, 
or angle of incidence of the pump and/or the robe, or 
polarization of the pump and/or the probe beams. 

The same type of DM procedure can also be achieved for some 
samples by making measurements at more than one intensity 
of the pump and/or probe beams. The point is that the 
responses, such as the change in reflectivity AR(t) , for 
example, may vary non-linear ly with the intensity and/or 
the duration of the pump and/or probe pulses. Thus, again 
by taking suitable linear combinations of the responses 
measured at different intensities or pulse durations, it 
may be possible to enhance a portion of the response 
arising from one effect at the expense of competing 
effects. 
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referred to requires the identification of the different 
features that appear in the response AR(t) . With the 
arrangement available in conventional systems the 
identification of the origin of the various features may be 
extremely difficult and/or time-consuming for a multi-layer 
structure. It is often necessary to make a guess that a 
particular feature arises from a stress pulse which 
originates at a particular location and has undergone a 
certain sequence of transmissions and reflections at 
different interfaces. In addition, it may be the case that 
a certain feature of interest, such as the arrival of a 
stress pulse at one particular interface, gives a response 
which happens to be dominated or masked by a larger 
response from another stress pulse reaching a different 
part of the structure at approximately the same time. The 
present invention overcomes these difficulties as follows. 

As mentioned above, in the prior art the primary measured 
quantity for most samples of current technical interest is 
the change AR(t) in optical reflectivity. If the response 
20 AR(t) is difficult to analyze, then it is also difficult to 
deduce the required information about the structure, for 
example the thicknesses of the different films. This 
^difficulty may be overcome by measurements of AP, A0, or 
A6. For example, a particularly important feature may 
25 appear as a very small response in AR(t) , but may make a 
dominant response in AP(t) , A0(t), or A6 (t) . 

In accordance with an aspect of this invention the non- 
destructive system and method is enabled to also 
simultaneously measure at least two transient responses of 
3 0 the structure to the pump pulse. The simultaneously 
measured transient, responses comprise at least, two of a 
measurement of the modulated change AR in an intensity of 
a reflected portion of a probe pulse, the change AT in an 
intensity of a transmitted portion of the probe pulse, the 
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thickness to be deduced from a single measurement of the 
frequency f. 

The foregoing example has been described in terms of a 
measurement of AR(t) ; clearly the same technique may be 
5 applied to the other transient quantities. 

For many samples of current interest in the semiconductor 
circuit fabrication industry it is not practical to measure 
the change AT in the transmission of the probe light pulse. 
The films are normally deposited onto silicon substrates of 

10 thickness around 0.02 cm. Unless light of wavelength of 
one micron or greater is used, the light will be heavily 
absorbed in the substrate making the measurement of the 
transmission very difficult. For such samples conventional 
methods are thus essentially limited to the use of the 

15 measurement of the change AR in the optical reflectivity 
induced by the pump pulse. Many samples of interest 
include a series of films deposited sequentially onto the 
substrate. This type of structure can be referred to as a 
"stack". When stress pulses are generated in a stack a 

20 very complicated response (for example, the result of a 
measurement of AR(t) ) may be obtained. This complex 
response results from the generation of stress pulses in 
various different parts of the structure, the propagation 
of these pulses with partial transmission and partial 

25 reflection across the interfaces into other films, and the 
change -in the intensity reflection coefficient of the 
structure due to the strain-induced change in the optical 
properties of each film. To determine the thickness of a 
number of the films in a stack requires the determination 

*0 of the times at which stress pulses originating at known 
places in the structure are reflected or transmitted at the 
various interfaces. From these times, and using assumed 
velocities for the different films, the thicknesses of the 
films can be found. The determination of the times just 
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in the sample and the normal to the surface. Hence a 
measurement of the frequency of this oscillation can be 
used to determine the product nv, but not n and v 
separately. This oscillation will suffer an abrupt change 
5 in phase when the stress pulse reaches the free surface of 
the sample at time r, and is then reflected back. By a 
measurement of r, one can thus determine the quantity d/v, 
where d is the film thickness. These two measurements and 
their analysis may be obtained using conventional systems, 
10 but do not lead to definite values for the three quantities 
of interest n, v, and d. The present invention overcomes 
this difficulty as follows. 

If measurements are made of the frequency f as a function 
of the angle of incidence 6 of the probe light outside the 
15 sample the measured f (9) can be analyzed to give both n and 
v. This is because the relation between a and 0 involves 
only n and not v. Then the measurement of the time t, can 
be used to determine d. 

Second, using measurements of the intensity of the 
reflected pump or probe light, the phase change or the 
relative intensities of the different polarization 
components of the pump and/or probe light can also be used 
in many circumstances to deduce the refractive index and/or 
the thickness of the transparent film. For example, the 
thickness or optical constants of one or more layers in a 
sample may be determined from the measured quantities 
according to the principles of optical ref lectometry or 
ellipsometry. In this case the picosecond light pulses 
available in the system of this invention can be used to 
make such ref lectometry or ellipsometry measurements, and 
extra light sources, may not be needed. The pulsed nature- * 
of the lasers is not relevant to these measurements. The 
determination of the optical constants and/ or film 
thicknesses then enables the sound velocity and/or the 
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One function of the system is to determine the thickness of 
the films making up the sample, the mechanical properties 
of the films (sound velocities and densities) , and the 
characteristics of the interfaces (adhesion, roughness, and 
5 other interfacial characteristics). 

The system in accordance with the various embodiments of 
this invention thus enables a combination of measurements 
of the type listed above so as to enable the determination 
of properties of the sample that are not obtainable through 
10 the use of conventional systems. 

By example, consider a sample in which the upper-most film 
is transparent. In such a sample the pump pulse will not 
be absorbed in this film, but will instead be absorbed in 
the next underlying film, assuming that this film is not 
15 also transparent. There will, however, normally be a 
contribution to the change AR in reflectivity of the probe 
pulse from the uppermost transparent film. A stress wave 
will be generated in the underlying optically-absorbing 
film and will propagate into the transparent film. This 
2 0 will cause a local change An in the refractive index n of 
the transparent film, and the location of this change in 
the refractive index will propagate towards the free 
surface of the transparent film with a speed equal to the 
sound velocity v in the film. Probe light which is 
25 reflected at this change in n will interfere constructively 
or destructively with the probe light which is reflected at 
the other interfaces of the sample. As a consequence there 
will be a change AR in the intensity of the reflected probe 
light, which change will amount to an oscillation of 
30 frequency f given by 

f=2nv cos-^ * 

where X is the wavelength in free space of the probe light 
and 0 is the angle between the direction of the probe light 
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embodiments of this invention, it can be appreciated that 
this invention teaches, in one aspect, a picosecond 
ultrasonic system for the characterization of samples in 
which a short optical pulse (the pump beam) is directed to 
5 an area of the surface of the sample, and then a second 
light pulse (the probe beam) is directed to the same or an 
adjacent area at a later time* The retroref lector 129 shown 
in all of the illustrated embodiments 16-20 can be employed 
to provide a desired temporal separation of the pump and 
10 probe beams, as was described previously with regard to, by 
example, Fig. 9. 

The system measures some or all of the following 
quantities: (1) the small modulated change AR in the 
intensity of the reflected probe beam, (2) the change AT in 

15 the intensity of the transmitted probe beam, (3) the change 
AP in the polarization of the reflected probe beam, (4) the 
change A0 in the optical phase of the reflected probe beam, 
and/or (5) the change in the angle of reflection A6 of the 
probe beam. These quantities (l)-(5) may all be considered 

20 as transient responses of the sample which are induced by 
the pump pulse. These measurements can be made together 
with one or several of the following: (a) measurements of 
ciny or all of the quantities (l)-(5) just listed as a 
function of the incident angle of the pump or probe light, 

25 (b) measurements of any of the quantities (l)-(5) as a 
function of more than one wavelength for the pump and/ or 
probe light, (c) measurements of the optical reflectivity 
through measurements of the incident and reflected average 
intensity of the pump and/or probe beams; (d) measurements 

3 0 of the average phase change of the pump and/ or probe beams 
upon reflection; and/or (e) measurements of the average 
polarization and optical phase of ~ the .incident and 
reflected pump and/or probe beams. The quantities (c) , (d) 
and (e) may be considered to be average or static responses 

35 of the sample to the pump beam. 
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15 


transmission for the probe beam and the He-Ne wavelengths, 
but very low transmission for the pump wavelength. 

Finally, Fig. 20 illustrates a normal incidence, dual 
wavelength, combined ellipsometer embodiment of this 
5 invention. In Fig. 20 the probe beam impinges on PBS2 and 
is polarized along the direction which is passed by the 
PBS2 . After the probe beam passes through WP3 , a quarter 
wave plate, and reflects from the sample, it returns to 
PBS2 polarized along the direction which is highly 
10 reflected, and is then directed to a detector DO in 
detector block 130. DO measures the reflected probe beam 
intensity. 

In greater detail, WP3 causes the incoming plane polarized 
probe beam to become circularly polarized. The handedness 
of the polarization is reversed on reflection from the 
sample, and on emerging from WP3 after reflection, the 
probe beam is linearly polarized orthogonal to its original 
polarization. BS4 reflects a small fraction of the 
reflected probe onto an Autofocus Detector AFD. 

2 0 DM3, a dichroic mirror, combines the probe beam onto a 
common axis with the illuminator and the pump beam. DM3 is 
highly reflective for the probe wavelength, and is 
substantially transparent at most other wavelengths. 

Dl, a reflected He-Ne laser 13 6 detector, is used only for 
25 ellipsometric measurements. 

It should be noted that, when contrasting Fig. 2 0 to Figs. 
18 and 19, that the shutter 1 is relocated so as to 
intercept the incident laser beam prior to the harmonic 
splitter 138. 

30 Based on the foregoing descriptions of a number of 
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embodiment of the picosecond ultrasonics system, 
specifically a single wavelength, normal pump, oblique 
probe, combined ellipsometer embodiment. As before, only 
those elements not described previously will be described 
5 below. 

Shutter 1 and shutter 2 are computer controlled shutters, 
and allow the system to use a He-Ne laser 13 6 in the 
ellipsometer mode, instead of the pulsed probe beam. For 
acoustics measurements shutter 1 is open and shutter 2 is 
10 closed. For ellipsometer measurements shutter 1 is closed 
and shutter 2 is opened. The HeNe laser 13 6 is a low power 
CW laser, and has been found to yield superior ellipsometer 
performance for some films . 

Fig. 19 is a dual wavelength embodiment of the system 
15 illustrated in Fig. 18. In this embodiment the beamsplitter 
12 6 is replaced by a harmonic splitter, an optical harmonic 
generator that generates one or more optical harmonics of 
the incident unsplit incident laser beam. This is 
accomplished by means of lenses L7 , L8 and a nonlinear 
20 optical material (DX) that is suitable for generating the 
second harmonic from the incident laser beam. The pump 
.beam is shown transmitted by the dichroic mirror (DM 138a) 
to the AOM1, while the probe beam is reflected to the 
retroref lector . The reverse situation is also possible. 
25 The shorter wavelength may be transmitted, and the longer 
wavelength may be reflected, or vice versa. In the 
simplest case the pump beam is the second harmonic of the 
probe beam (i*e., the pump beam has one half the wavelength 
of the probe beam) . 

30 It should be noted, that in this embodiment the ,AOM2 is 
eliminated since rejection of the pump beam is effected by 
means of color filter Fl, which is simpler and more cost 
effective than heterodyning. Fl is a filter having high 


WO 97/27466 


PCT/US96/20917 


51 

laser, which is disadvantageous under normal conditions , 
since the bandwidth of the pulsed laser is much greater 
than that of a CW laser of a type normally employed for 
ellipsometry measurements. 

5 When acoustics measurements are being made, the rotation 
compensator 13 2 is oriented such that the probe beam is 
linearly polarized orthogonal to the pump beam. 

The analyzer 134 may be embodied as a fixed polarizer, and 
also forms a portion of the ellipsometer mode of the 

10 system. When the system is used for acoustics measurements 
the polarizer 134 is oriented to block the pump 
polarization. When used in the ellipsometer mode, the 
polarizer 134 is oriented so as to block light polarized at 
45 degrees relative to the plane of the incident and 

15 reflected probe beam. 

Finally, the embodiment of Fig. 17 further includes a 
dichroic mirror (DM2) , which is highly reflective for light 
in a narrow band near the pump wavelength, and is 
substantially transparent for other wavelengths. 

2 0 It should be noted in Fig. 17 that BS4 is moved to sample 
the pump beam in conjunction with BS3 , and to reflect a 
portion of the pump to D3 and to a second PSD (PSD2) . PSD2 
(pump PSD) is employed in combination with the processor, 
computer controlled stage 122 (tilt and z-axis) , and PSD1 

25 (Probe PSD) to automatically focus the pump and probe beams 
onto the sample to achieve a desired focusing condition. 
Also, a lens LI is employed as a pump, video, and optical 
heating focussing objective, while an optional lens L6 is 
used to focus the sampled light from BS5 onto the video 
30 camera 124. 

Reference is now made to Fig. 18 for illustrating a further 
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measures a signal proportional to the intensity of the 
incident probe) • Similarly, additional ref lectometry data 
can be obtained from the pump beam using detectors D3 and 
D4 . The analysis of the ref lectometry data from either or 
5 both beams may be used to characterize the sample. The use 
of two beams is useful for improving resolution, and for 
resolving any ambiguities in the solution of the relevant 
equations. 

A third beamsplitter BS3 is used to direct a small fraction 
10 of the pump beam onto detector D4, which measures a signal 
proportional to the incident pump intensity. A fourth 
beamsplitter BS4 is positioned so as to direct a small 
fraction of the pump beam onto detector D3 , which measures 
a signal proportional to the reflected pump intensity. 

15 Fig. 17 illustrates a normal pump beam, oblique probe beam 
embodiment of this invention. Components labelled as in 
Fig. 16 function in a similar manner, unless indicated 
differently below. In Fig. 17 there is provided the above- 
mentioned rotation compensator 132, embodied as a linear 

20 quarter wave plate on a motorized rotational mount, and 
which forms a portion of an ellipsometer mode of the 
.system. The plate is rotated in the probe beam at a rate 
of, by example, a few tens of Hz to continuously vary the 
optical phase of the probe beam incident on the sample. 

25 The reflected light passes through an analyzer 134 and the 
intensity is measured and transferred to the processor many 
times during each rotation. The signals are analyzed 
according to known types of ellipsometry methods to 
determine the characteristics of the sample (transparent or 

30 semitransparent films) . This allows the (pulsed) probe beam 
to be used to carry out ellipsometry measurements. 

In accordance with an aspect of this invention the 
ellipsometry measurements are carried out using a pulsed 
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unmodulated part of the probe and reference beam. This 
allows the difference signal (the modulated part of the 
probe) alone to be amplified and passed to the electronics. 

The beamsplitter BS2 is used to sample the intensity of the 
5 incident probe beam in combination with detector D2 . The 
linear polarizer 13 2 is employed to block scattered pump 
light polarization, and to pass the probe beam. Lenses L2 
and L3 are pump and probe beam focusing and collimating 
objectives respectively. The beamsplitter BS1 is used to 

10 direct a small part of pump and probe beams onto a first 
Position Sensitive Detector (PSD1) that is used for 
autofocusing, in conjunction with the processor and 
movements of the sample stage 122. The PSD1 is employed in 
combination with the processor and the computer-controlled 

15 stage 122 (tilt and z-axis) to automatically focus the pump 
and probe beams onto the sample to achieve a desired 
focusing condition. 

The detector Dl may be used in common with acoustics, 
ellipsometry and ref lectometry embodiments of this 
20 invention. However, the resultant signal processing is 
different for each application. For acoustics, the DC 
component of the signal is suppressed such as by 
subtracting reference beam input D5, or part of it as 
needed, to cancel the unmodulated part of Dl, or by 
25 electrically filtering the output of Dl so as to suppress 
frequencies other than that of the modulation. The small 
modulated part of the signal is then amplified and stored. 
For ellipsometry, there is no small modulated part, rather 
the entire signal is sampled many times during each 
3 0 rotation of the rotation compensator (see Fig. 17) , and the 
resulting waveform is analyzed to yield the ellipsometric 
parameters. For ref lectometry , the change in the intensity 
of the entire unmodulated probe beam due to the sample is 
determined by using the Dl and D2 output signals (D2 
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effected by having a motorized mount rotate WP1 under 
computer control. 

A first acousto-optic modulator (AOM1) chops the pump beam 
at a frequency of about 1MHz . A second acousto-optic 
5 modulator (A0M2) chops the probe beam at a frequency that 
differs by a small amount from that of the pump modulator 
AOM1. The use of AOM2 is optional in the system illustrated 
in Fig. 16. As will be discussed below, the AOMs may be 
synchronized to a common clock source, and may further be 
10 synchronized to the pulse repetition rate (PRR) of the 
laser that generates the pump and probe beams. 

A spatial filter 12 8 is used to preserve at its output a 
substantially invariant probe beam profile, diameter, and 
propagation direction for an input probe beam which may 
15 vary due to the action of the mechanical delay line shown 
as the retroref lector 129. The spatial filter 128 includes 
a pair of apertures Al and A2 , and a pair of lenses L4 and 
L5. An alternative embodiment of the spatial filter 
incorporates an optical fiber, as described above. 

2 0 WP2 is a second adjustable half wave plate which functions 
in a similar manner, with PBS2, to the WP1/PBS1 of the 
beamsplitter 12 6. With WP2 the intent is to vary the ratio 
of the part of the probe beam impinging on the sample to 
that of the portion of the beam used as a reference (input 

25 to D5 of the detector 130. WP2 may be motor controlled in 
order to achieve a ratio of approximately unity. The 
electrical signals produced by the beams are subtracted, 
leaving only the modulated part of the probe to be 
amplified and processed. PSD2 is used in conjunction with 

30 WP2 to achieve any desired ratio of the intensities of .the, 
probe beam and reference beam. The processor may adjust 
this ratio by making a rotation of WP2 prior to a 
measurement in order to achieve a nulling of the 
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freedom stage that is adjustable in height (z-axis), 
position (x and y-axes) , and tilt (6) , and allows motor 
controlled positioning of a portion of the sample relative 
to the pump and probe beams. The z-axis is used to 
5 translate the sample vertically into the focus region of 
the pump and probe, the x and y-axes translate the sample 
parallel to the focal plane, and the tilt axes adjust the 
orientation of the stage 122 to establish a desired angle 
of incidence for the probe beam. This is achieved via 
10 detectors PDS1 and PDS2 and the local processor, as 
described below. 

In an alternative embodiment, the optical head may be moved 
relative to a stationary, tiltable stage 122 • (not shown) . 
This is particularly important for scanning large objects 
15 (such as 300mm diameter wafers, or mechanical structures, 
etc.) In this embodiment the pump beam, probe beam, and 
video are delivered to the translatable head via optical 
fibers or fiber bundles. 


20 


25 


30 


BS5 is a broad band beam splitter that directs video and a 
small amount of laser light to the video camera 124. The 
camera 124 and local processor can be used to automatically 
position the pump and probe beams on a measurement site. 

The pump-probe beam splitter 126 splits an incident laser 
beam pulse (preferably of picosecond or shorter duration) 
into pump and probe beams, and includes a rotatable half- 
wave plate (WPl) that rotates the polarization of the 
unsplit beam. WPl is used in combination with polarizing 
beam splitter PBS1 to effect a continuously variable split 
between pump and probe power. This split may be controlled 
by the computer by means of a motor to achieve an optimal 
signal to noise ratio for a particular sample. The 
appropriate split depend on factors such as the 
reflectivity and roughness of the sample. Adjustment is 
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(such as a piezoelectric actuator) which is caused to 
oscillate rapidly (f 2 ) (i.e. from 10 to 10 6 Hz) along the 
probe beam axis, thus executing a large number of 
oscillations (i.e., greater than 10) for each successive 
5 delay position of the delay mechanism. The signal measured 
in such a system may be related to the derivative of the 
signal versus delay by a simple proportionality constant, 
provided that the amplitude of the oscillations corresponds 
to a range of delays which are small compared to the 

10 minimum temporal extent of observed ultrasonic features in 
an undifferentiated response. In this embodiment it is also 
possible to detect at the difference frequency (fj-f 2 or 
f ,+f 2 ) , where f , is the frequency induced by the AOM in the 
pump beam path (e.g., 1 MHz), and f 2 is the frequency 

15 induced by the delay modulator in the probe beam path. 

Reference is now made to Fig. 16 for illustrating an 
embodiment of this invention which is referred to as a 
parallel, oblique embodiment. 

This embodiment includes an optical/heat source 120, which 
20 functions as a variable high density illuminator, and which 
provides illumination for a video camera 124 and a sample 
^heat source for temperature-dependent measurements under 
computer control. An alternative heating method employs a 
resistive heater embedded in the stage sample stage 122. 
25 The advantage of the optical heater is that it makes 
possible rapid sequential measurements at two different 
temperatures, as will be described below. The video camera 
12 4 provides a displayed image for an operator, and 
facilitates the set-up of the measurement system. 
30 Appropriate pattern recognition software can also be used 
for this, purpose, thereby minimizing or eliminating 
operator involvement . 

The sample stage 122 is preferably a multiple-degree of 
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invention to use the derivative of the signal versus time 
to determine the properties of a sample, rather than the 
signal itself. The purpose is to remove some of the 
background signal, associated with the cooling of the film, 
5 from the data. The derivative of the signal can also be 
compared with the derivative of a simulation to extract 
parameters . 

In one embodiment of the algorithm used to determine 
unknown quantities from the observed reflectivity or 
10 transmission of the sample, the temporal features 
associated with the propagation of stress within the sample 
are compared with a simulation which includes only the 
ultrasonic response. Other features, in particular the 
slowly varying background associated with diffusion of heat 
15 within the sample, are ignored in such comparisons, or may 
be included in the fitting process by introducing one or 
several fitting parameters of a slowly varying function 
(e.g. an exponential, or a low order polynomial). For some 
materials the slowly varying background may have a much 
20 greater amplitude than the features associated with 
ultrasonic response of the sample. In order to improve the 
accuracy and speed of the fitting process in such 
situations, it may be convenient to numerically compute the 
derivative of the response with respect to delay time, A 
15 comparison may then be made between the derivative so 
determined and the derivative of the simulated response, 
and the values of the unknowns varied until a best fit is 
obtained. 

An alternative method is to measure the derivative of the 
0 sample response directly, avoiding the step of numerical 
differentiation. This method provides superior signal to 
noise in comparison to the numerical procedure. In one 
embodiment of this derivative measurement scheme the 
retroref lector 4 6 in the probe path is placed on a mount 
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An important feature of this procedure is that simulation 
parameters so determined should simultaneously fit the 
response corresponding to the stress wave propagating in 
the metal. In the above procedure it is assumed that the 
5 detector 60 and processor 66 are so calibrated as to give 
the true reflectivity of the sample as a function of time. 
An alternative three step procedure which does not require 
the detector 60 and processor 66 to be so calibrated is as 
follows. In step (1) a stress pulse is generated in the 

10 material. Part of this stress wave enters the transparent 
layer and propagates to the free surface, then reflects 
from this surface, then propagates through the transparent 
layer, and then part of this stress reenters the metal 
film. The stress pulse reflecting from the free surface 

15 has the opposite sign to the incident stress pulse, but 
identical amplitude. The fraction of the stress pulse 
incident from the glass layer on the metal film which 
reenters the metal film may be calculated from the acoustic 
impedances (i.e. the product of the sound velocity and 

20 density) of the glass and metal (as described in Tauc et 
al) . While it propagates through the glass layer the 
stress wave gives rise to oscillations as described 
previously with regard to Figs. 15a-15d. In step (2) dn/dr, 
Jror the glass and Bn/dr, and dx/dv for the metal are allowed 

25 to be freely varied in the simulated response in order to 
achieve a best fit to the observed response. The values 
dn/3ij and 3k/3i> so obtained may be scaled by the ratio of 
the true. value of dn/d V for the glass to the fitted value. 
Therefore, in Step (3) the true value of dn/d V for the 

3 0 glass is determined (this may be obtained by a number of 
methods, other than picosecond ultrasonics, that are 
applicable to transparent materials) , and the fitted dn/dr, 
and dK/dr, for the metal are scaled to obtain their true 
values. 

35 It is also within the scope of the teaching of this 
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process of determining dn/dr, and dx/dr, involves two steps 
which may be described in relation to Fig. I5d (which shows 
the case in which the material of interest is a thin metal 
film disposed on top of a substrate which may be silicon. 
5 In step (1) a stress pulse is generated in the material. 
Part of this stress wave enters the transparent layer and 
propagates to the free surface, then reflects from this 
surface, then propagates through the transparent layer, and 
then part of this stress reenters the metal film. The 
10 stress pulse reflecting from the free surface has the 
opposite sign to the incident stress pulse, but identical 
amplitude. The fraction of the stress pulse incident from 
the glass layer on the metal film which reenters the metal 
film may be calculated from the acoustic impedances (i.e. 
15 the product of the sound velocity and density) of the glass 
and metal (as described in Tauc etal.). While the stress 
wave propagates through the glass layer it gives rise to 
oscillations as described previously with regard to Figs. 
15a-l5d. The amplitude of these oscillations may be used 
20 to compute the quantity dn/dr, for the glass (which in 
general will have a different value than the value 
corresponding to the metal) either analytically or by 
comparison with simulations of the oscillations: d K /dr,=0 
for the glass, m step (2) the quantities dn/dr, and d K /dr, 
25 for the metal layer are determined by carrying out a 
simulation of the reflectivity change which occurs in 
response to the stress reentering this layer, and by 
adjusting dn/dr, and d K /dr, in order to achieve a best fit to 
the observed response for times during which the effects of 
the stress wave on the reflected probe intensity may be 
observed. In these simulations the acoustic impedances and 
sound velocities of the glass and metal film are assumed to 
be known in advance, in addition, the optical constants n 
and * for one or both materials at the pump and probe beam 
wavelengths may be used as inputs to the simulations, or 
alternatively may be used as further adjustable parameters. 


30 


35 


BNSDOCID: <WO 97S7466A1J_> 


.WO 97/27466 


PCT7US96/20917 


42 

accordingly. 

The teaching of this invention also includes methods and 
apparatus for measuring the change in the optical constants 
of a material with strain. In this technique the system is 
5 used to determine the quantities dn/drj and dx/dr) in a 
particular sample geometry. Samples have a film of glass , 
or another transparent material deposited on top of a thin 
film of opaque or semi-opaque material (the material of 
interest may be a metal) . The optical constants of both 
10 materials are known. The quantities drxfdi) and dtc/dr} are 
also known for the transparent material , and are deduced 
for the second material by comparing acoustic data with 
simulations in which dn/dr] and dic/d-q for the second 
material are varied. 

15 To be able to carry out simulations which enable a 
quantitative comparison with data of the magnitude of the 
change in the reflectivity or transmissivity of a sample in 
which a stress pulse is generated, it is necessary to know 
in advance by how much the optical constant n and k for the 

20 subject materials change in response to stress a. It is 
preferable in some embodiments to carry out simulations in 
terms of the strain 77, which may be related to the stress 
in a simple way. In terms of the strain, the foregoing is 
equivalent to the statement that the quantities dn/drj and 

25 dic/dr) must be known. It is a feature of this invention 
that the methods and apparatus described herein may be used 
to determine these quantities. In one technique, dn/dr) and 
dK/dri may be found for a material by depositing on top of 
an optically smooth specimen of this material a layer of 

3 0 transparent material such as a glass (e.g. LP-CVD TEOS, or 
PE-CVD BPSG) having a thickness of at least several hundred 
Angstroms, and less than 100 microns. The underlying 
specimen of material for which dri/dy and dfc/dy are to be 
determined may be a thin film, or a thick substrate. The 


BNSDOCID: <WO 9727466A1_I_> 


WO 97/27466 


PCT/US96/20917 


41 

semitransparent or transparent samples, or by producing a 
best fit to picosecond ultrasonic data by varying a sound 
velocity parameter in a simulation of one or more layers. 

The temperature may be changed in the following ways: by a 
5 resistive heater embedded in the sample stage 50; by an 
inductive heater; radiatively (i.e. an intense lamp); by 
varying the pump beam intensity such that the mean 
temperature of the sample is above the ambient; or by 
introducing a continuous wave heating laser onto the 
10 measurement spot FS through a common or separate objective. 

The temperature change may be measured in the following 
ways: by optical pyrometry; by a calculation of the 
deposited heating energy (which reguires measurement of the 
incident and reflect radiation) and then using the values 
15 of the optical and thermal constants of the sample needed 
to determine the eguilibrium temperature in the measurement 
region; with a thermocouple (in contact with the sample 
51) ; or using the Mirage Effect. In the Mirage Effect the 
change in the refractive index in the air above the heated 
20 spot is measured via the deflection of a laser beam 
incident at a glancing angle, and the temperature is 
deduced from the refractive index change necessary to 
produce an observed beam deflection (see, for example, T.R. 
Anthony et al. , Physical Review B, vol. 42, 1104 (1990)). 

25 Calibration of the system of this invention can be 
accomplished in several manners. By example, films 
comprised of several different metals can be deposited on 
silicon wafers at different temperatures. In these samples, 
the stress can be independently estimated by calculation 
from differential expansion and from measurements of film- 
induced curvature. The calculated values are then compared 
with results obtained from the use of the system of this 
invention, and calibration factors are determined 
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Measurements on several materials have shown how the 
temperature dependence dvJdT of the sound velocity is 
affected by stress. This quantity can be readily measured 
by the picosecond ultrasonic methods of this invention and 
5 can be used to give the stress of the film, without the 
requirement of knowing the film's precise thickness. The 
technique has many advantages and is applicable even for 
very thin films, multilayers (-100 A), and for submicron 
lateral dimensions. 

10 Further in accordance with this invention, the sound 
velocity in a film is measured at two temperatures in the 
film. The difference between the two sound velocities 
depends in a predictable way on the stress within the film, 
whether the stress is externally imposed or "built-in". 

15 This provides a method for stress measurement on a lateral 
scale of the spot size FS, which may have a diameter of one 
micron or less. The temperature of the sample 51 can be 
changed via a resistively heated stage, an arc lamp, a CW 
laser focused onto the measurement spot, or by modulating 

20 the pump power. The sound velocity can be measured by 
observing ultrasonic echoes, or oscillatory signals as 
disclosed in regard to Figs. 15a-15d, or the vibrational 
^period of very thin films. 

The rate of change of the sound velocity with temperature 
25 depends on the stress in the film in a predictable way, as 
has been reported in the literature (Salama K. et al. , 
Journal of Applied Physics vol. 51, page 1505 et seq. 
(1980); J. Cantrell, Ultrasonics International 1989 
Conference Proceedings, pp. 977 et seq.). 


30 


Picosecond ultrasonics measurements of the sound -velocity 
may be made in the following ways: echo time (as in Tauc et 
al.); ringing period; the oscillation period of 
oscillations caused by a travelling stress wave in 


W ° 97/27466 PCT/US96/209,7 

39 

example, a delamination between the film 84 and an 
underlying film or substrate. 

This technique is also sensitive to thin film processes 
that are intended to enhance adhesion between layers. One 
5 such technique is ion bombardment. It has been found by the 
inventors that the rate of damping of ultrasonic ringing of 
a film deposited on a substrate, and then implanted with 
high energy ions, is more slowly damped for low ion doses 
than for high ion doses, it is inferred that the adhesion 
is greater for samples with higher implant doses because 
the acoustic energy in the thin film is able to couple to 
the substrate more readily than in samples having lower 
implant doses or energies. 


10 


In 


summary, 


15 


an ultrashort laser pulse (r p -o.l psec) 


is 


20 


selectively absorbed in a thin film or in a more complex 
nanostructure. The absorption sets up a thermal stress 
which generates an ultrashort stress wave impulse. The 
propagating stress can affect the optical constants 
anywhere within the sample, causing a complex, but 
calculable, change in the reflectivity (or transmission, or 
polarization state, or optical phase) of the probe beam. 
Echoes are but one simple case of temporal features, other 
more complex temporal features may also be detected, such 
as those that correspond to ultrasonic vibrations in 
nanostructures and multilayer samples. These other temporal 
features may not correspond to a stress pulse returning to 
the surface. The only requirement for detection is that the 
stress generated by the pump is at a depth in the sample 
where it can interact with the probe beam. 

30 A film or a multilayer deposited on a substrate at an 
elevated temperature is normally in a state of stress due 
to differential thermal expansion. Present techniques for 
evaluating the stress have severe practical limitations. 


25 
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in a model of the sample structure (e.g. as a distinct film 
having certain physical properties, some of which may be of 
interest, and so may be left as fitting parameters) . 

In this regard it should be noted that Tas et al. reported 
5 detecting thin interfacial layers of CF X between aluminum 
and silicon as a particular example of this effect for a 
situation in which the aluminum films were very thin (G. 
Tas et al., Appl. Phys. Lett. 61(15), 12 October 1992, pp. 
1787-1789). Tas et al. did not observe echoes, but rather 
10 the ringing of the aluminum films. Moreover the result was 
for a very narrow class of structures in which the metal 
films were deposited on top of highly uniform, ultrathin 
layers of very soft material. 

Interfacial layers producing much different effects can 
15 also be characterized with the technique of this invention. 
An important class of interfacial layers include layers 
which are formed at interfaces between two materials which 
have chemically reacted to form an intermediate compound. 
As an example, Ti and Al react to form TiAl 3 ; Ti and Si 

20 react to form TiSi 2 ; Co and Si react to form CoSi 2 ; Pt and 
Si react to form PtSi. The thickness of interfacial layers 
so formed may be substantial. By example, in some of the 
above example pairings the materials may proceed until one 
or both of the original materials is completely consumed by 

25 the reaction. 

Interfacial voids, cracks, and regions of poor adhesion may 
be detected similarly. Such defects usually give rise to 
acoustic reflections, such as but not limited to echoes, 
having larger amplitudes than would be seen for a perfect 
30 interface. The reason is that stress pulses exhibit no loss - 
of amplitude when reflected from a perfectly free surface. 
As such, the presence of larger than expected probe signal 
amplitudes within the data can be indicative of, by 
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An important mechanism determining such distortion of echo 
shapes is dephasing at different parts of the stress front 
reaching a roughened interface (and reflecting toward the 
surface) at different times. By incorporating such 
5 mechanisms into a simulation of a particular structure, it 
is possible to quantify the degree of interface roughness. 

As employed herein the roughness of a surface or interlayer 
may be taken to be the RMS height and correlation length 
parallel to the surface or interlayer. 

10 It should be noted that the same mechanism can cause echo 
broadening if it is the top surface (rather than a buried 
interface) which is rough. It is thus believed to be 
possible to distinguish between surface roughness-induced 
echo broadening and interface roughness-induced echo 

15 broadening based, for example, on the symmetry of the 
echoes and a comparison with reference echo shapes and/or 
simulated echo shapes. 

It should be noted that the use of echoes per se is but one 
exemplary technique for characterizing the sample 51. For 

2 0 example, in some samples distinct echoes are not seen. 

However, the characterization of the sample can still be 
accomplished by comparing the reflected probe signal to 
reference data and/or simulations. 

It is also within the scope of the teaching of this 
25 invention to detect roughness, or to detect variations in 
film thickness over small lateral displacements, through 
the use of a small area optical generator and detector 
which are scanned relative to the sample surface. 

Interfacial layers are another potential cause of echo 

3 0 distortion. As in the preceding example, a preferred method 

to characterize such interfacial layers is to include them 
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temporally separated reflected probe beams 21b 1 . 

In Fig, 15c the substrate 8 0 is assumed to at least weakly 
absorb the pump pulse, giving rise to the stress pulse in 
the substrate* By example , the substrate 8 0 may be 
5 comprised of silicon* 

In Fig. 15d a buried film 84 absorbs the pump pulse and 
launches a stress pulse that propagates towards the surface 
of an overlying transparent film 84 1 . The resulting 
reflected probe pulses 21b 1 are similar to the case shown 
10 in Fig. 21b. 

It should be noted that the teachings of this invention 
apply as well to very thin films that essentially vibrate 
when excited rather than supporting propagating stress or 
sound pulses. 

15 In accordance with an interface characterization technique 
of this invention, amplitude information (i.e., the 
amplitude of the change in the reflected or transmitted 
probe beam intensity) is used to draw quantitative 
conclusions about the condition of buried interfaces or 

20 ^surfaces. The technique has superior sensitivity, compared 
to conventional ultrasonic techniques, to very subtle 
inter facial defects (contaminants, inter layers, roughness, 
bonding, etc.) because the wavelengths of the acoustic 
phonon comprising the pulse are much shorter than 

25 wavelengths which can be achieved by other methods. For 
example, in cases where distinct acoustic echoes are seen 
(e.g., for films thicker than few optical absorption 
lengths, and thin enough for an acoustic wave to return to 
the surface before the delay stage 4 4 runs, out of delay 

3 0 travel) , the echo amplitudes and widths can supply 
information about the smoothness of a buried interface from 
which it has reflected (see, for example, Fig. 15d) . 
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of the sample 51 at two or more different angles of 
incidence. 

An alternative technique for determining n and v, has been 
described by Grahn et al. (APL 53, no. 21 (21 Nov. 1988), 
5 pp. 2023-2024, and APL. 53, no. 23, (5 Dec. 1988), pp. 
2281-2283). However, the Grahn et al. technique depends on 
the use of an independently-determined thickness for the 
film. 


Representative samples for which these techniques may be 
10 used are illustrated in Figs. 15a-15d. 

In Fig. 15a a stress pulse is launched from the film layer 
84 by the absorption of the pump beam energy, and 
propagates within the substrate 80 with a characteristic 
velocity v f . The application of the probe beam pulse 21b 

15 results in two reflections, one from the surface of the 
film 84 and another from the stress pulse. As the stress 
pulse continues to propagate away from the film layer 84, 
the part of the probe pulse reflected at the stress wave 
has a changing phase shift relative to the probe pulse 

20 reflecting from the film's surface. One result is that 
constructive and destructive interference occurs between 
the probe pulse reflected from the surface and that 
reflected from stress wave, thereby giving a variation in 
the intensity of the probe pulse measured by the detectors 

25 as the stress pulse propagates. 

In Fig. 15b the pump pulse launches the stress pulse either 
by being applied to the film surface or to the lower 
surface of the non-absorbing substrate 80 ♦ For the latter 
case the pump pulse propagates through the substrate 80 and 
30 is absorbed in the film 84, thereby generating the stress 
pulse. In either case the probe pulse is applied to the 
lower surface of the substrate 80, and gives rise to three 
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For a sample 51 with the property that the incident light 
penetrates at least one wavelength into a layer or layers 
into which a stress wave is launched, it is possible to use 
picosecond ultrasonics to independently measure the sound 
velocity and refractive index of said layer or layers with 
great precision . The sound velocity may also be used to 
determine the elastic modulus. Optical interference between 
probe light reflected from the surface of the sample and 
probe light reflected from the traveling stress wave gives 
rise to oscillations in the intensity of the reflected 
probe beam 21b » as a function of delay. The period of 
these oscillations may be measured very precisely. For a 
material having an index of refraction n and sound velocity 
v 5 the period of the oscillations is given by: 

t = ^2 _ ( 2 ) 

2nv s cosO 

15 where X 0 is the optical wavelength in free space and 6 is 
the angle between the direction normal to the surface of 
the sample 51 and the direction of light propagation in the 
sample. Typically one knows 0 and X 0 in advance. Thus, 
from the observed oscillation period, one can deduce the 

20 product nv, with high precision. The value of v, 
independent of n can be found by measuring r at a second 
angle (which yields a value for n) , or by using a published 
value for n. In addition, from the sound velocity, the 
elastic modulus c n = pv, 2 of the film may be determined 
25 (using a previously determined value of p) . 

In accordance with an aspect of this invention measurements 
at two angles are simultaneously made by detecting parts of 
the probe beam 21b impinging on the sample 51 within a 
single focused beam, which then reflects to two or more 
30 closely spaced detectors. It is also within the scope of 
the invention to controllably tilt the sample stage 50 , and 
to thus cause the probe beam 21b to impinge on the surface 
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the modulation signal, the pulse rate signal is applied to 
a counter which changes the state of the modulator 4 0 after 
n laser pulses are counted. The modulation rate is then 
l/2n times the laser pulse rate. In such a synchronous 
5 scheme the number of pump pulses impinging on the sample 51 
in any period of the modulator 4 0 is always the same. This 
eliminates a potential source of noise in the modulated 
probe beam 21b which might arise in an asynchronous system 
under conditions in which the laser energy contained within 
10 a single cycle of the modulator 40 varies from period to 
period of the modulation. 

A major source of noise is scattered pump light which can 
reach the probe beam detector (a) despite having a 
nominally orthogonal polarization (polarizers are not 
15 perfect, and also the sample 51 may tend to depolarize the 
light) . As was described above, one technique to suppress 
this source of noise is to use pump and probe beams of 
different color, so that the pump color may be blocked by 
means of a filter before the probe detector. 

Another method is to modulate the probe beam 21b at a 
frequency different from the pump beam modulation 
frequency. By example, if the pump modulation frequency is 
f! and the probe modulation frequency is f 2 then the part 
of the probe beam modulated by the pump beam at the sample 
51 will have a component at the frequency f, - f 2 . This 
signal may be passed through a synchronous demodulator or 
low pass filter designed to reject f, and f 2 and pass only 
their difference frequency. Thus, any pump light scattered 
by the sample 51 onto the probe detector (a) , which would 
otherwise appear as noise in the data, is suppressed. To 
minimize the introduction of ubiquitous 1/f noise thQ 
difference frequency is preferably not below a few hundred 
kHz. Exemplary frequencies are f , = 1 MHz and f 2 = 500 kHz. 


25 
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coupling effects between the vias. In either case the probe 
beam signal can be compared to a signal obtained from a 
reference "known good" structure, or to a simulation of the 
structure, or from a combination of reference data and 
5 simulations. Any deviation in the probe signal from the 
reference and/or simulated signal may indicate that the 
sample differs in some way from what was expected. 

Fig. 14 shows that for samples considered in the ultrasonic 
technique, a multilayer thin film 84a, 84b may be 
substituted for a simple film 84. Such multilayer films 
may be formed intentionally by sequential depositions, or 
unintentionally because the substrate 8 0 may have been 
ineffectively cleaned prior to succeeding layer 
depositions, or by the (intentional or unintentional) 
chemical reaction between two or more layers (for example, 
following heat treatment) . Such layers may give rise to 
ultrasonic echoes having complicated shapes and temporal 
characteristics. It is possible to determine the 

thicknesses and interface characteristics for thin film 
structures containing, by example, five or more sublayers. 
This is preferably accomplished by comparing the 
reflectivity or transmission data with simulations of the 
. ultrasonics and detection physics to obtain a best fit set 
of unknowns with the obtained data. 

In the system configurations which use the AOM 40 to 
modulate the pump beam 21a, there may be no relationship 
between the modulation rate and the repetition rate of the 
laser 12. As a result, the laser pulse train and 
30 modulation cycle are asynchronous. It is possible to make 
this a synchronous system by deriving the modulation rate 
from the pulse repetition rate. The pulse repetition rate 
may be obtained from the laser 12 by means of an optical 
detector which senses the emitted pulses, or by using the 
35 drive signal from an actively mode-locked laser. To derive 
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deposited before the tungsten) . The structure may be 
evaluated by generating the stress wave in the substrate 80 
(not applicable if the substrate, as in the above tungsten 
example, is glass) and detecting it in the embedded 
5 structure 84 ; or by generating the stress wave in the 
structure 84 and detecting the stress wave in the structure 
84; or by generating the stress wave in the structure 84 
and detecting the stress wave in the substrate 80. 

It should be realized that, in the three dimensional 
10 structures illustrated in Figs, 12 and 13, the pump beam 
can also be employed to excite the normal modes in the 
structure, which can in turn affect the transmitted or 
reflected probe beam. 

When applying the probe beam 21b to the structure 84 it may 
15 be advantageous to use a near-field focussing arrangement, 
such as the tapered optical fiber shown in Fig. 7. In this 
case the pump beam FS can be significantly larger than the 
probe beam FS, thereby enabling the selective probing of 
small scale structures. 

20 This capability for spatial imaging can be exploited to 
perform measurements of static stress with lateral spatial 
resolution to 100 nm scale and below. 

It is also within the scope of this invention to apply a 
pump beam FS and a probe beam FS to simultaneously probe a 

25 plurality of patterned structures (e.g., a two-dimensional 
array of tungsten vias 0.5 ^m in diameter and 1.0 p apart 
that are formed in a substrate) . In this case each tungsten 
via may be considered a separate, independent oscillator, 
each of which contributes to the reflected or transmitted 

3 0 probe beam signal. For closer spacings between elements, a 
" super lattice"-type of vibrational mode can be excited, 
wherein the reflected or transmitted probe signal includes 
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probe spot size on the sample. The probe beam 21b may then 
be scanned by x-axis and y-axis piezoelectric actuators 
102a and 102b on a very small spatial scale (similar to a 
Scanning Tunneling Microscope) with the pump beam location 
5 fixed. This embodiment may be used to map structures 
patterned in two or more dimensions on a length scale 
smaller than can be achieved using conventional 
lithography. Therefore, it can be used to map the smallest 
structures found in integrated circuits. 

10 The probe beam 21b can be an expanded beam that is focused 
onto the fiber 102 by a lens 104, and the reflected probe 
beam 21b' is directed through the fiber 102 and is diverted 
by a splitter 106 to a filter 108 and then to the detector 
60. 

Fig. 12 shows an interface 82 between a patterned structure 
84 on top of the substrate 80, and is useful in explaining 
the use of this invention when characterizing three 
dimensional structures as opposed to planar structures. 
The patterned structure may be evaluated by generating a 
stress wave in the substrate 80 and detecting the stress 
wave in the structure 84; or by generating the stress wave 
j.n the structure 84 and detecting the stress wave in the 
structure 84; or by generating the stress wave in the 
structure 84 and detecting the stress wave in the substrate 
80. 

Fig. 13 shows an interface 8 2 surrounding a structure 84 
formed within a patterned recess within a surface of 
substrate 80. An example of this three dimensional 
configuration is a tungsten via formed in a hole in a glass 
30_ layer by (i) depositing the glass on a substrate , (ii) 
patterning and etching the hole, (iii) depositing a film of 
tungsten and (iv) polishing the tungsten layer until the 
glass is exposed (adhesion promoting layers may be 
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directed at normal incidence onto the sample 51 through 
objective 98 . The probe beam polarization is rotated by 
means of a half wave plate 3 8 and is then passed through a 
polarizer 42 oriented to be orthogonal to the pump beam 
5 polarization. This retarder/polarizer combination is also 
used as a variable attenuator for the probe beam 21b. The 
probe beam 21b is then sent to the variable delay stage 44, 
and is focused onto the sample 51 through the same normal 
incidence objective 98 as the probe beam 21a. The reflected 

10 probe beam 21b' is directed to the detector 60 by a 
dichroic mirror 92 which passes the reflected pump beam 
21a, thereby effectively filtering out any reflected probe 
light. A filter 94 which passes only the probe beam 
wavelength is placed before the detector 60. The detector 

15 60 is followed by the tuned filter 62 , lockin amplifier 64, 
and processor 66, as in Fig. 2. 

Fig. 7 illustrates an embodiment of this invention wherein 
the pump beam 21a and the probe beam 21b are directed to 
the sample 51 by means of tapered optical fibers 100 and 

20 102, respectively, to achieve near-field focusing and FS 
sizes of order lOOnm. The probe beam 21b is shown having 
normal incidence, and may have a different wavelength than 
the pump beam 21a. In this embodiment a terminal portion 
of the pump and/or probe beam delivery fiber 100, 102 is 

25 reduced in diameter, such as by stretching the fiber, so as 
to provide a focussed spot FS having a diameter that is 
less than the normal range of optical focussing. This 
enables the pump and/or probe optical pulse to be 
repeatably delivered to a very small region of the sample's 

30 surface (e.g., to a spot having a diameter < one 
micrometer) , regardless of any changes that are occurring 
in the optical path length of the pump and/or probe beam. 

The pump beam 21a need not be brought in through a fiber, 
and in one mode of operation may be much larger than the 
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chosen as to block high spatial Fourier components of the 
beam may be used. A lens may be used to focus the beam 
onto the first aperture, and a second lens may be used to 
collimate the beam emerging from the second aperture. In 
5 a system employing any of the above techniques it is 
preferred to monitor the intensity of the delayed (or 
advanced) beam either before or after it impinges on the 
sample, to properly normalize the final signal. 

Referring now to Fig* 5, there is illustrated a deflection 

10 through an angle 0 of the probe beam 21b by a non-uniform 
expansion of a region wherein a propagating stress wave 
exists (i.e. a bulge 86 in the film 84). The bulge 86 is 
caused at least in part by a stress wave which may also 
have a non-uniform profile across the spot. The deflection 

15 can be detected by a position sensitive detector such as a 
split cell 60'. Movement of the reflected probe beam 21b* 
can also come about in the absence of the bulge 86 in 
transparent and semi-transparent samples due to a stress 
induced change in the refractive index. In this case the 

20 beam is displaced by a small amount parallel to the 
direction along which it would normally deflect. This 
displacement can also be detected by a position sensitive 
.detector. Fig. 5 also illustrates the lengthening of the 
path through the sample as a result of the surface 

2 5 displacement (uniform or non-uniform) . 

Fig. 6 illustrates a configuration which is based on Figs. 
1/2 and 3, and is a preferred implementation of a "normal 
incidence, dual wavelength" system. The source 10' (Fig. 
lb) is frequency doubled using the nonlinear crystal 24, 
30 such as BBO, KTP or LBO. The pump and probe beams are 
separated by the dichroic mirror 26 such that the doubled,- 
wavelength is passed to become the probe beam 21b, and the 
undoubled part is reflected to become the pump beam 21a. 
The pump beam 21a is modulated by modulator 90 and is 
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successive pulses such that the effects of a pump pulse 
arriving at the sample more than one pulse interval before 
the probe may be detected. 

The shape and position of the focused probe spot FS on the 
5 surface of the sample 51 may vary systematically, depending 
on the position of the delay stage 44 (i.e. the time 
delay). For example, the system 1 may exhibit a lack of 
parallelism between the probe path in Fig. 2 and the delay 
stage axis due to misalignment , or as a result of a flaw in 

10 the stage mechanism. This causes a translation of the 
probe beam across the focusing lens, and for a lens 
exhibiting typical aberrations, can introduce a 
corresponding lateral translation of the probe beam 21b 
relative to the pump beam 21a on the surface of the sample 

15 51, as a function of delay. 

In addition, since all laser beams exhibit some degree of 
divergence, varying the path length of one of the beams 
changes its diameter at the focusing lens, and this causes 
a corresponding change in the diameter of the focused spot 
20 (FS) on the sample 51. The result of all such effects may 
be to introduce a spurious dependence of the signal upon 
delay time. One method to eliminate such dependencies is 
shown in Fig. 8, in which a length of optical fiber 114 is 
introduced to the path of the delayed probe beam (or 
15 advanced pump beam) . The fiber 114 serves as a spatial 
filter, preserving a constant spot position, size and 
profile throughout a range of input beam conditions. By 
incorporating such a device into the probe beam path it is 
possible to preserve a very stable overlap of the pump and 
0 probe beams on the focus spot FS over a wide range of delay 
stage positions. Other types of spatial filters may also 
be used to achieve the same effect; for example, any small 
aperture (typically smaller than the beam size) such as a 
pinhole or narrow slit, followed by a second aperture so 
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quality, depending on the properties of the sample (e.g. 
the amount of surface roughness), and the source (e.g. pump 
and probe beams having different colors, versus pump and 
probe beams having the same color) . 

5 Alternative focusing geometries are also illustrated in 
Fig. 3, and include: 

(Fig. 3a) pump and probe beams oblique to the sample plane 
(i.e., the surface of wafer 70) and not parallel or coaxial 
to each other; 

10 (Fig. 3b) pump and probe beams substantially normal to the 
sample plane and parallel, focused through a common lens 98 
(as in Fig. 6) ; 

(Fig. 3c) pump and probe beams parallel and lying in a 
plane orthogonal to the plane of incidence, focused through 
15 common lenses 48 and 52; 

(Fig. 3e) (i) pump beam normal and probe beam oblique, 
focused independently; or (ii) probe normal and pump 
oblique; and 

(Fig. 3f) pump beam and probe beam both normal to the 
20 sample plane and coaxial, focused through a common lens 74. 

The variable delay between the pump and probe beams may be 
.implemented as shown in Fig. 2 by means of the computer 
controlled delay stage 44 in the probe beam path. 
Alternatively, a similar delay stage may be inserted within 

25 the pump beam path to "advance" the pump beam pulses in 
time relative to the probe pulses. An extremely long delay 
may be implemented as shown in Fig. 9 by placing more than 
one retroref lector 46 on the single translation stage 44. 
In this embodiment a plurality of the beam steering mirrors 

30 110a are employed to direct the probe beam 21b to 
individual ..ones of the retroref lectors 46, thereby 
significantly increasing the probe beam path length 
relative to the pump beam path length. It is possible to 
implement a delay which is longer than the time between 
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ratio may be improved by placing color filters and/ or 
polarizers between the sample 51 and detector 60 to prevent 
light scattered from other parts of the system from 
impinging one or more detectors (as an example, to prevent 
5 pump light scattered from the sample 51 from impinging on 
reflected probe intensity detector (a) ) . The signal 
quality may be further improved by passing the modulated 
probe intensity output (i) from the detector 60 through the 
synchronous demodulator 64 (such as a lockin amplifier, or 
10 signal averager) located before the processor 66. The 
signal quality may be further improved for samples 51 
tending to scatter the pump beam 21a into the probe 
detector by introducing a second intensity modulator into 
the probe beam path between the source 10 and the sample 
15 51. The second intensity modulator has a modulation 
frequency differing from the pump beam modulation frequency 
by an amount such that the difference frequency is greater 
than the input bandwidth of the synchronous demodulator 62. 
The detector output (i) corresponding to the reflected 
probe intensity may then be synchronously demodulated at 
the difference frequency, while the components of (i) at 
the modulation frequencies are rejected. 

The pump and probe beams may be focused, as in Fig. 2, onto 
the sample through the common lens 48. This arrangement is 
simple to practice but is not optimal for all cases, since 
the pump beam 21a need be scattered through only a small 
angle by a non-ideal sample to impinge on the reflected 
probe detector (a) , thereby introducing noise to the 
measurement of the modulated probe intensity. The common 
lens approach also has the weakness of achieving non- 
optimal spot overlap, which may be improved by using 
separate lenses, or coaxial beams. The common lens approach 
is represented in Fig. 3d in plan view from a location 
along a normal to the sample, here a semiconductor wafer 
35 70. Other focusing geometries may give improved signal 
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change in the sample's reflectivity R (i.e. AR/R) , and 
normalizes this change by the intensity of the incident 
pump beam. 

In the apparatus of this invention the detector input 
5 designated as (a) contains a modulated component which 
carries the stress information in addition to a large 
unmodulated reflected probe component 21b» . Input (b) is 
proportional to the unmodulated portion of the probe signal 
21b. The output (i) is a voltage proportional to only the 

10 modulated part of the probe signal, which is determined by 
electronically removing the unmodulated component from the 
input (a) . This output goes to a bandpass filter and 
preamplifier 62, then to a synchronous demodulator 64 (e.g. 
a lockin amplifier) , and finally to the processor 66 where 

15 it is digitized and stored. The inputs (a) and (b) are also 
used to determine the reflectivity of the sample 
corresponding to the probe beam 21b, and similarly inputs 
(d) and (c) are used to determine the reflectivity of the 
sample corresponding to the pump beam 21a. These 

2 0 quantities may be used to validate the optical simulation 

of the structure, or in some cases to deduce layer 
properties such as thickness in accordance with known 
optical ref lectometry principles. In addition, inputs (a) 
and (d) are used by the processor 66 to normalize the 
25 reflectivity change output (i) . The energy deposited in the 
sample 51 by the pump beam 21a may be determined by 
comparing the incident and reflected pump and probe beam 
intensities (21a 1 , 21b'). 

Portions of the pump and probe beams may also be directed 

3 0 via beam splitter 54 onto one or more position sensitive 

detectors (autofocus detector 58) whose output may... be used 
by the processor 66, in conjunction with the sample 
translation stage 50, to effect an optimum focus of the 
pump and probe beams on the sample 51. The signal to noise 
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linearly polarized beam from laser 12 passes through the 
half -wave plate 16, which is used to rotate its 
polarization. The polarized beam is then split into pump 
and probe beams by a dielectric beam splitter 34. The 
ratio of pump to probe may be varied by rotating the 
incoming polarization. The lower beam is the pump beam 
21a, and the upper beam is the probe beam 21b. The pump 
beam 21a passes through a half -wave plate/polarizer 
combination 3 8 which rotates its polarization to be 
orthogonal to that of the probe beam 21b, and which also 
suppresses any light not polarized along this orthogonal 


axis. 


The pump and probe beams 21a and 21b are emitted by the 
source, and the intensity of the pump beam is modulated at 
15 a rate of about 1MHz by an acousto-optic modulator (AOM) 
40, or by a photoelastic modulator followed by a polarizer, 
or by other intensity modulation means. The probe beam 
path length is varied by translating a retroref lector 46 
mounted on a computer-controlled delay stage 44, via a 
steering mirror combination 110a. Both beams are then 
focused by lens 48 onto the sample 51 mounted on a 
translatable sample stage 50, and are detected by a 
photodetector 60. In this embodiment the inputs to the 
detector 60 include portions of the input pump and probe 
beams (inputs c and b, respectively, via beam splitters 49a 
and 49b, respectively); and also include portions of the 
reflected pump beam 21a- and reflected probe beam 21b' 
(inputs d and a, respectively) . outputs from the detector 
60 include signals proportional to the incident pump beam 
intensity (e) ; incident probe beam intensity (f ) ; reflected 
pump beam intensity (g) ; reflected probe beam intensity 
(h) ; and probe modulation intensity (i) , i. e . only the 
modulated part of the reflected probe intensity. These 
detector outputs are fed into a processor 66. The 
processor 66 calculates from the inputs the fractional 
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averager (SA) . A measurement of, by example, AR(t) may be 
performed by applying a signal corresponding to the 
reflected probe intensity from the output of the detector 
60 to the input of the fast signal averager (SA) , and by 
triggering sample acquisitions at times corresponding to 
the pulsing of the probe laser 13. A large number (e.g., 
thousands) of measurements may be averaged in order to 
effect a desired signal to noise ratio. It should be noted 
in regard to this invention that the delay stage and 
modulator described previously in regard to Fig. 2 may be 
omitted. It should also be appreciated that any "jitter" in 
the pulsing of the two lasers may have the effect of 
averaging the signals corresponding to closely spaced delay 
tiroes, and that this effect may somewhat attenuate the high 
15 frequency components of the measurement. 

Although the pump and probe lasers are depicted in Fig. lc 
separately, they may have one or more optical elements in 
common, including the gain medium. Other permutations of 
pump and probe color, polarization and pulse rate suggested 
20 by the above description may be used to achieve an 
improvement in signal quality, depending on the properties 
of the materials to be investigated. 

Examples of the pulsed lasers suitable for use in the 
25 system 1 include an Argon ion pumped solid state mode- 
locked laser, such as Coherent Inc. Inova (Argon) and Mira 
(Ti: sapphire) ; a diode laser pumped solid state mode locked 
laser, such as a continuous wave diode pumped frequency 
doubled YAG and modelocked Ti: sapphire laser; and a direct 
3 0 diode pumped mode-locked solid state laser. 

Referring to the embodiment of. Fig. 2, a further embodiment ,., 
of an optical source 10' • • provides both the pump and probe 
beams 21a and 21b, respectively, in a manner similar to the 
embodiment of Fig. la. In the Fig. 2 arrangement the 
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by means of a half -wave plate 32. The dichroic mirror 26 
may be chosen to pass the fundamental frequency of the 
laser 12 and reflect the second harmonic, giving a probe 
beam at the fundamental and a pump beam at the second 
5 harmonic. Alternatively, the dichroic mirror 2 6 may be 
chosen to pass the second harmonic and reflect the 
fundamental, giving the probe beam 21b at the second 
harmonic and the pump beam 21a at the fundamental, as shown 
in Fig. lb. 

10 Another embodiment of an optical source 10 1 ' is shown in 
Fig. lc, in which the pump and probe beams are produced by 
two different lasers 12 and 13. In one embodiment, these 
may be identical pulsed lasers, in which case the upper 
beam is passed through the half-wave plate 16 to rotate its 

15 polarization relative to that of the lower beam by 90 
degrees. Alternatively, the lasers 12 and 13 may emit 
dissimilar wavelengths (two "colors"). Alternatively, the 
probe laser 13 may emit a continuous (i.e. non-pulsed) 
beam. Alternatively, the pump laser 12 may emit pulses 

2 0 with a repetition period of r A and the probe laser 13 may 

emit pulses with a repetition period r B , as shown in Fig. 
4a. Such a scheme may be used to effect a continuously 
variable delay between the pump and probe pulses without 
the use of a mechanical delay stage 44 of a type depicted 
25 in Fig. 2 . 

Referring now to Fig. 4b, in this alternative technique the 
delay between pairs of A and B pulses increases by a time 
r B -r A from one repetition to the next. By example, t b -t a may 
be 0.1 psec on average, and the repetition rate of the pump 

3 0 laser 12 may be 100 MHz. This gives a time between 

simultaneous arrivals of the pump and probe pulses of one 
millisecond (i.e., the scan time). This embodiment further 
includes suitable frequency locking electronics (FLE) , 
mirrors, a lens, a suitable detector 60, and a fast signal 
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physical properties of the sample 51 which may be 
determined in this way include properties which may affect 
the time dependence of ultrasonic signals, and/or their 
amplitudes. These are (among others) layer thicknesses, 
5 sound velocities, interfacial roughness, interfacial 
adhesion strength, thermal dif f usivities, stress, strain, 
optical constants, surface roughness, and interfacial 
contaminants . 

Figs, la-lc illustrate various embodiments of optical 
10 sources that are suitable for practicing this invention, 
while Fig. 2 is a block diagram of an optical generation 
and detection system for performing non-destructive 
picosecond time-scale thin film and interface 
characterizations, referred to hereinafter as system 1. 

15 A first embodiment of an optical source 10 is shown in Fig. 
la, in which the beam from a laser 12 is reflected from a 
mirror 14 and passes through a polarization rotating 
device, such as a half -wave plate 16, to a polarizing beam 
splitter 18. The beams emerging from the polarizing beam 

20 splitter 18 are orthogonally polarized, and the ratio of 
their intensities may be varied through a wide range by 
.adjusting the orientation of the half -wave plate 16. One 
beam forms the pump beam 21a, while the probe beam 21b 
reflects from a mirror 20. 

25 

An alternative embodiment of an optical source 10- shown in 
Fig. lb includes a freguency doubling crystal 24, such as 
BBO or LBO, onto which the laser light is focused by a lens 
22 positioned between it and the laser 12. The coaxial 
30 beams of light emerging from the frequency doubling crystal 
24 are separated by means of a dichcoic . mirror 26 into the 
pump and probe beams, each of which is then collimated by 
lenses 28 and 30. The polarization of the pump beam 21a is 
rotated to be perpendicular to that of the probe beam 21b 
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(penetration depth) for the pump or probe light in the 
structure . 

A method for finding any number of unknowns is to compute 
a simulated optical response for a particular set of 
5 parameters, and then to adjust the values of the parameters 
as needed to achieve a best-fit to the measured result. 
Presently preferred methods for carrying out this modelling 
and simulation are described in detail below with reference 
to Fig. 21. 


10 


15 


The basic equations for the vibrational part of the 
simulations are taken from well-known continuum elasticity 
theory. The basic equations for the optical part of the 
simulation are the Fresnel equations. As an illustration 
in one dimension (i.e. for a sample 51 with a stress wave 
propagating with velocity v, along a direction z normal to 
the surface) , the quantity to be computed in the simulation 
can be written as follows: 

AR(t)=ff(z)j\ 33 (z,t)dz (i) 


In this equation f(z) is the change in the reflectivity 
2 0 with strain associated with stress 7733(2, t) at depth z. 
AR(t) is the strain induced change in the optical 
reflectivity of the sample at a time t. Similar equations 
can be written for changes in the transmission or in the 
polarization state of the probe beam 21b. The function f (z) 
includes the effect of strain on the optical constants 
within the sample 51, as well as the effect of displacement 
of the surface or internal interfaces (i.e. a time- 
dependent change in. the,„thickness of one or more layers) 
due to the presence of a stress wave. 


25 


30 


accordance with an aspect of this invention, the 
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For a sufficiently thick opaque film disposed on a 
substrate the pump light will be absorbed in a surface 
layer of thickness small compared to the film thickness. 
The absorption in the surface layer generates a stress 
5 pulse which propagates back and forth in the film, giving 
rise to a series of equally-separated features ("echoes") 
in the responses measured by the probe beam. The thickness 
of a simple film that is thick enough to have distinct 
echoes can be determined from the echo time, as described 
10 by Tauc et al. For a thinner film, the echoes become so 
closely spaced that they degenerate into vibrational 
thickness modes of the film, appearing as damped 
oscillations in the data, and the thickness can be deduced 
from the vibration period. For intermediate thickness 
15 films, or for films composed of multiple layers, the data 
may be too complicated to analyze so simply. In such cases 
it is preferred to construct a theoretical model for the 
vibrating structure in which there may be one or more 
adjustable unknowns (e.g. film thicknesses, densities, 
20 sound velocities) . The theoretical model is used to 
simulate the vibrations of the structure over a suitable 
time interval (in discrete time steps) , and to calculate 
the corresponding change in the optical reflectivity of the 
^sample (or transmission, or polarization state, or optical 
25 phase of the transmitted or reflected beams caused by the 
stress induced change in the optical constants of the 
sample, or by stress induced displacements of the surface 
or of interfaces within the structure) . The duration of the 
time steps are preferably selected to be small compared to 
3 0 a time required for an acoustic wave to propagate through 
a thinnest layer of the structure (e.g., 0.1 psec to 200 
psec) . By example, the duration of each time step can be 
established at less than one half (e.g., one tenth) of the 
propagation time through the thinnest layer. Also by 
3 5 example, the duration of each time step can be selected to 
be small compared to a shortest absorption length 
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By way of introduction, the arrangement of the pump and 
probe beam according to this invention is illustrated in 
Fig. 10. A test sample 51" is shown comprised of a film 84 
disposed on substrate 80. An interface 82 is formed between 
5 the film 84 and the substrate 80. By example, the substrate 
8 0 may be comprised of a semiconductor such as silicon and 
may form a portion of a semiconductor wafer, and the film 
84 may be an overlying layer of oxide, polymer, metal, or 
another semiconductor. In another exemplary embodiment the 
10 sample may be a SOI wafer comprised of a silicon substrate, 
a thin layer of silicon oxide, and an overlying (typically 
thin) layer of silicon, as is shown in Fig. 11. To test the 
sample 51 the pump beam 21a is directed onto a position on 
the film 84 (referred to as a focal spot FS1) to generate 
15 a stress wave in the sample due to the absorption of energy 
in the film 84 or substrate 80. The pump beam 21a is 
incident on the sample 51 at an angle 0, offset from 
normal. The unabsorbed portion of the pump beam is 
reflected as the reflected pump beam 21a f . The probe beam 
2 0 21b may be directed to the same spot (FS1) on the sample at 
an angle 0 2 to intercept the stress pulse generated by the 
pump beam 21a. In other embodiments of the invention the 
probe beam 21b can be directed to another location (FS2) . 
A portion of the probe beam 21b reflects from the film 84 

2 5 as the reflected probe beam 21b 1 . Any portion of the probe 

beam 21b that is transmitted through the sample is referred 
to as the transmitted probe beam 21b". The actual values of 
angles 0, and 6 2 can be selected from a wide range of 
angles. The intensities of the reflected and transmitted 

3 0 pump and probe beams depend on the optical constants of the 

film 84 and substrate 8 0 and on the thicknesses of the 
films. 

Fig. io also illustrates probing at points (FS2 ) at a 
distance from the pump beam FS1, which applies to the 
35 ultrasonic and all other applications disclosed herein. 
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simulation method in accordance with an aspect of this 
invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The disclosure of the above-referenced U.S. Patent No. 
5 4,710,030 (Tauc et al.) is incorporated by reference herein 
in its entirety. 

The teaching of this invention is embodied by an optical 
generator and detector of a stress wave within a sample. In 
this system a first non-destructive pulsed beam of 

10 electromagnetic radiation is directed upon a sample 
containing at least one film and possibly also an interface 
between similar or dissimilar materials. The first pulsed 
beam of electromagnetic radiation, referred to herein as a 
pump beam 21a, produces a propagating stress wave within 

15 the sample. A second non-destructive pulsed beam of 
electromagnetic radiation, referred to herein as a probe 
beam 21b, is directed upon the sample such that at least 
one of the polarization, optical phase, position, direction 
and intensity of a reflected portion of the probe beam 21b 1 

20 or a transmitted portion of the probe beam 21b' 1 is 
^affected by a change in the optical constants of the 
materials comprising the sample, or by a change in the 
thickness of one or more layers or sublayers within a thin 
film sample due to a propagating stress wave. Physical and 

25 chemical properties of the materials, and possibly also of 
the interface, are measured by observing the changes in the 
reflected or transmitted probe beam intensity, direction, 
or state of polarization as revealed by the time dependence 
of the changes in beam intensity, direction or state of 

30 polarization. The very short time scale is ^particularly 
important for achieving a high sensitivity to interfacial 
and other properties, and for measuring the properties of 
films having thicknesses less than several microns. 
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interfaces between the substrate and one of the thin film 
layers and between the thin film layers; 

Figs. I5a-I5d each illustrate an optically-induced stress 
wave, having a velocity v, that propagates in a material, 
and the reflection of a portion of the probe beam from the 
stress wave; 


Fig. 16 is a block diagram of a first embodiment of a 

picosecond ultrasonic system in accordance with this 

invention, specifically, a parallel, oblique beam 
10 embodiment; 

Fig. 17 is a block diagram of a second embodiment of a 

picosecond ultrasonic system in accordance with this 
invention, specifically, a normal pump, oblique probe 
embodiment; 


Fig. 18 is a block diagram of a third, presently preferred 
embodiment of a picosecond ultrasonic system in accordance 
with this invention, specifically, a single wavelength, 
normal pump, oblique probe, combined ellipsometer 
embodiment; 

Fig. 19 is a block diagram of a fourth embodiment of a 
picosecond ultrasonic system in accordance with this 
invention, specifically, a dual wavelength, normal pump, 
oblique probe, combined ellipsometer embodiment; 

Fig. 20 is a block diagram of a fifth embodiment of a 
picosecond ultrasonic system in accordance with this 
invention, specifically, a dual wavelength, normal 
incidence pump and probe, combined ellipsometer embodiment; 
and 

Fig. 21 is a logic flow diagram that illustrates a 
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Fig 8 illustrates a further embodiment of this invention 
wherein a length of fiber optic is employed to compensate 
for a change in probe beam profile as a function of delay 
between the pump and probe beam pulses; 

5 Fig. 9 illustrates an embodiment of a delay stage used for 
setting a delay between the pump and probe beam pulses; 

Fig. 10 is a cross-sectional, enlarged view of the sample 
having the substrate, thin film layer, and the interface 
between the substrate and the thin film layer, and that 
10 further illustrates the impingement of the probe beam 
within a focussed spot (FSl) of the pump beam, and the 
impingement of the probe beam at a second FS ( FS2 ) that is 
displaced from FSl; 

Fig. 11 is an enlarged, cross-sectional view of a silicon- 
15 on-insulator (SOI) sample that is amenable to 
characterization in accordance with this invention; 

Fig 12 is a cross-sectional, enlarged view of the sample 
having the substrate, a localized thin film structure 
disposed on a surface of the substrate, and the interface 
20 between the substrate and the thin film structure, and that 
further illustrates various methods to apply the pump and 
probe beams; 

Fig. 13 is a cross-sectional, enlarged view of the sample 
having the substrate, a localized thin film structure 
25 disposed within a surface of the substrate, and the 
interface between the substrate and the thin film 
structure, and that further illustrates various methods to 
apply the pump and probe,, beams; 

Fig 14 is a cross-sectional, enlarged view of a sample 
30 having a substrate, a plurality of thin film layers, and 
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BRIEF DESCRIPTION OP THE DRAWINGS 

The above set forth and other features of the invention are 
made more apparent in the ensuing Detailed Description of 
the invention when read in conjunction with the attached 
Drawings, wherein: 

Figs, la-lc depict embodiments of optical sources for use 
wxth the system of this invention; 

Fig. 2 is a block diagram of an embodiment of a sample 
characterization system in accordance with this invention; 

Figs. 3a-3f each depict an embodiment of a pump beam/probe 
beam delivery technique to a surface of a sample; 

Fig. 4a is a diagram that illustrates a variability in a 
temporal offset between pump and probe beam pulses; 

Fig. 4b is block diagram that illustrates an embodiment of 
electro-optical components responsive to the delay between 
the pump and probe pulses, as shown in Fig. 4 a; 

Fig. 5 is a cross-sectional, enlarged view of a sample 
having a substrate, a thin film layer, and an interface 

fZir SUbStratG the thi " ^yer, and that 

further illustrates a stress-induced deformation in the 
than film wherein constructive and destructive probe beam 
interference occurs; 

Fig. 6 illustrates a second embodiment of the interface 
characterization system in accordance with this invention; 

Fig. 7 illustrates a fiber optic-based pump and probe beam 
delivery and focussing system in accordance with an 
embodiment of this invention; 
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may incorporate a small lens at its output. A similar 
focussing fiber can be used to gather reflected probe Ixght 
and direct it to an optical detector. A fiber may also be 
used to modify the beam profile, or as a spatial fxlter to 
5 effect a constant beam profile under widely varying input 
beam conditions. 

This invention advantageously provides a non-destructive 
system and method for measuring at least one transxent 
response of a structure to a pump pulse of optical 

10 radiation, the measured transient response or responses 
including at least one of a measurement of a modulated 
change AR in an intensity of a reflected portion of a probe 
pulse, a change AT in an intensity of a transmitted portion 
of the probe pulse, a change AP in a polarization of the 

15 reflected probe pulse, a change A* in an optical phase of 
the reflected probe pulse, and a change in an angle of 
reflection A6 of the probe pulse, each of which may be 
considered as a change in a characteristic of a reflected 
or transmitted portion of the probe pulse. The measured 

20 transient response or responses are then associated wxth at 
least one characteristic of interest of the structure. 

in a presently preferred embodiment the system provides for 
'automatically focusing the pump and probe pulses to achxeve 
predetermined focusing conditions, and the application of 
at least one calibration factor to the at least one 
transient response. This embodiment is especially useful 
when employed with time-evolved simulations and models of 
a structure of interest, which is a further aspect of thxs 
invention. 
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optxcally opaque substrate, at the puxnp wavelength, the 
pump and probe beams may both impinge from the film side 
or the pump may impinge from the film side and the probe 
inay impinge from the substrate side> For & ^ ^ 

transparent substrate, both beams may impinge from the film 
sxde, or from the substrate side, or from opposite sides of 
the sample. The optical and thermal properties are such 
that the pump pulse changes the temperature within at least 
one film with respect to the substrat ^ tefflperature 

within one or more of the thin films disposed on the 
substrat e may be uniform, and may be equal in several 
fxlms. The films may have thicknesses ranging from l A to 
100 microns. At least one film in the sample and/or the 
substrate has the property that when a stress wave is 

ZHT CaUSSS 3 01131,96 ^ ^ intensit V' ^tical phase, 
polarisation state, position, or direction of the probe 
beam a t the detector. The probe beam source may provide a 
contxnuous radiation beam, and the pump beam source may 
° t T ° ne dlSCrete P^se having a duration 

IlternaV f PS6C ^ aVSrage P ° Wer ° f 10 « W to 1 *»• 

pulses T Y ^ bea " S ° UrCe Pr ° Vide * r °*° b -m 

and nLbT 9 * dUr3ti ° n °* ^ ^ 10 ° ^ ^ *~ 

and probe beam may impinge at the same location on the 

sample, and the mechanisms for directing and guiding may 

xnciude a common lens system for focusing the pump beam and 

in Pr ° be f beam ° nt ° the S -Ple. The position of 
xmpxngement of the probe beam may be shifted spatially 

be tr " ^ ' hat ° f PUmP ^ the ^ b -m may 

be transmitted or reflected by the sample. 

One or n f iber opt . c elements roay ^ . nc ^ 

TtZ::' such fibers may usea to guide ° ne ~ — b -m S 

vxthxn the system for reducing the size of the system 
and/or to achieve a desired optical effect such as 
focussing of one or more beams onto the surface of the 
sample. To achieve focussing, the fiber may be tapered, or 
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that generates a plurality of short duration pulses, and 
the system further includes a beam splitter for directing 
a first portion of the source beam to form the pump beam, 
having the plurality of pulses, and directing a second 
5 portion to form the probe beam, also having the plurality 
of pulses. The source beam has a single direction of 
polarization and the system further includes means for 
rotating the polarization of the probe beam and a device, 
disposed between a sample and the optical detector, for 

10 transmitting only radiation having the rotated direction of 
polarization. The system may further include a temperature 
detector and a chopper for modulating the pump beam at a 
predetermined frequency. The system can further include a 
mechanism for establishing a predetermined time delay 

15 between the impingement of a pulse of the pump beam and a 
pulse of the probe beam upon the sample. The system can 
further include circuitry for averaging the output of the 
optical detector for a plurality of pulse detections while 
the delay between impingements remains set at the 

20 predetermined time delay. The delay setting mechanism may 
sequentially change the predetermined time delay and the 
circuitry for averaging may successively average the output 
of the optical detector during each successive 
^predetermined time delay setting. 

25 By example, the pump beam may receive 1% to 99% of the 
source beam, and the source beam may have an average power 
of IOmW to 10KW. The source beam may include wavelengths 
from 100 Angstroms to 100 microns, and the radiation pulses 
of the source beam may have a duration of 0.01 psec to 100 

3 0 psec. 

The sample may include a substrate, and at least one thin 
film to be examined disposed on the substrate such that 
interfaces exist where the films meet, and/or where the 
film and the substrate meet. For a sample with an 
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properties, m the system of this invention incident light 
is absorbed in a thin film or in a structure made up of 
several thin films, and the change in optical transmission 
or reflection is measured and analyzed. The change in 
reflection or transmission is used to give information 
about the ultrasonic waves that are produced in the 
structure. The information that is obtained from the use of 
the measurement methods and apparatus of this invention can 
include: (a) a determination of the thickness of thin films 
with a speed and accuracy that is improved compared to 
earlier methods; (b) a determination of the thermal, 
elastic, electrical, and optical properties of thin films,' 
(c) a determination of the stress in thin films; and (d) a 
characterization of the properties of interfaces, including 
the presence of roughness and defects. 

The invention features a radiation source for providing a 
pump beam and a detection system for non-destructively 
measuring the properties of one or more interfaces within 
a sample. The radiation source provides the pump beam so 
as to have short duration radiation pulses having an 
intensity and at least one wavelength selected to non- 
destructively induce a propagating stress wave in the 
sample, a radiation source for providing a probe beam, a 
mechanism for directing the pump beam to the sample to 
generate the stress wave within the sample, and a mechanism 
for guiding the probe beam to a location at the sample to 
intercept the stress wave, a suitable optical detector is 
provided that is responsive to a reflected or transmitted 
portion of the probe beam for detecting a change in the 
optical constants of the material induced by the stress 
wave . 

In one embodiment, the optical detector measures the 
intensity of the reflected or transmitted probe beam. The 
pump and probe beam may be derived from the same source 
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structure . 

It is one still further object of this invention to provide 
an ultrafast optical system and technique wherein optical 
fibers are used to advantage for directing and/or focussing 
5 at least one of an incident pump beam, and incident probe 
beam, or a reflected or transmitted probe beam. 

It is another object of this invention to provide a non- 
destructive system and method for simultaneously measuring 
at least two transient responses of a structure to a pump 

10 pulse, the measured transient responses comprising at least 
two of a measurement of a modulated change AR in an 
intensity of a reflected portion of a probe pulse, a change 
AT in an intensity of a transmitted portion of the probe 
pulse, a change AP in a polarization of the reflected probe 

15 pulse, a change A<*> in an optical phase of the reflected 
probe pulse, and a change in an angle of reflection A6 of 
the probe pulse. 

It is one further object of this invention to provide a 
non-destructive system and method for determining a 
2 0 characteristic of a sample that includes an automatic 
. control over the focussing of pump and probe beams at the 
sample so as to provide a reproducible intensity variation 
of the beams during each measurement. 

cttmm&RV OF TH E INVENTION 

25 The foregoing and other problems are overcome and the 
objects of the invention are realized by methods and 
apparatus in accordance with embodiments of this invention. 

This invention relates to a system for the characterization 
of thin films and interfaces between thin films through 
30 measurements of their mechanical, optical, and thermal 
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It is still another object of this invention to provide an 
improved ultrafast optical technique for determining the 
elastic modulus, sound velocity, and refractive index of a 
thin film. 

It is a still further object of this invention to provide 
an improved ultrafast optical technique for characterizing 
an interface between two materials, such as an interface 
between a substrate and an overlying thin film. 


10 


15 


It is another object of this invention to provide an 
ultrafast optical technique for determining a derivative of 
a transient response of a sample to a pump pulse, and for 
correlating the derivative with a characteristic of 
interest, such as the static stress within the sample. 

It is another object of this invention to provide an 
ultrafast optical technique for varying a temperature of 
the sample and, while varying the temperature, for 
determining a derivative of the acoustic velocity within 
the sample and for subsequently correlating the derivative 
of the acoustic velocity with the static stress within the 
20 sample. 

It is another object of this invention to provide an 
ultrafast optical technique for determining an electrical 
resistivity of a sample. 


25 


30 


It is a further object of this invention to provide 
simulation methods for modelling a time-evolved effect of 
a stress pulse generated within a sample of interest, and 
to then employ the model to characterize the sample. 

It is a further object of this invention to provide an 
ultrafast optical technique for measuring a characteristic 
of interest in a patterned, periodic, multilayered 


1 

BNSDOCID: <WO 9727466A1_I_> 


WO 97/27466 


6 


PCT/US96/20917 


intercepts the stress pulse. 

In one embodiment a distance between a mirror and a corner 
cube is varied to vary the delay between the impingement of 
the pump beam and the probe beam on the sample . In a 
5 further embodiment an opto-acoustically inactive film is 
studied by using an overlying film comprised of an opto- 
acoustically active medium, such as arsenic telluride. In 
another embodiment the quality of the bonding between a 
film and the substrate can be determined from a measurement 
10 of the reflection coefficient of the stress pulse at the 
boundary, and comparing the measured value to a theoretical 
value. 

The methods and apparatus of Tauc et al. are not limited to 
simple films, but can be extended to obtaining information 

15 about layer thicknesses and interfaces in super lattices, 
multilayer thin-film structures, and other inhomogeneous 
films. Tauc et al. also provide for scanning the pump and 
probe beams over an area of the sample, as small as 1 
micron by 1 micron, and plotting the change in intensity of 

2 0 the reflected or transmitted probe beam. 

^ While well-suited for use in many measurement applications, 
it is an object of this invention to extend and enhance the 
teachings of Tauc et al. 

OBJECTS OF THE INVENTION: 

25 It is thus an object of this invention to provide an 
improved optical generator and detector of stress pulses. 

It is a further object ..of , this invention to provide* an. 
improved ultrafast optical technique for measuring stress 
in a thin film. 


BNSDOCID: <WO 9727466A1_I_> 


WO 97/27466 PCT/US96/20917 


See Downer, M.C.; Fork, R.L. ; and Shank, C.V. , "Imaging 
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5 Other systems measure thickness, composition 

concentration of material by measuring absorption of 
suitably-chosen wavelengths of radiation. This method is 
generally applicable only if the film is on a transparent 
substrate . 

10 in a nondestructive ultrasonic technique described in U.S. 
Patent 4,710,030 (Tauc et al.) , a very high frequency sound 
pulse is generated and detected by means of an ultrafast 
laser pulse. The sound pulse is used to probe an 
interface. The ultrasonic frequencies used in this 
15 technique typically are less than 1 THz , and the 
corresponding sonic wavelengths in typical materials are 
greater than several hundred Angstroms. It is equivalent to 
refer to the high frequency ultrasonic pulses generated in 
this technique as coherent longitudinal acoustic phonons. 


In more detail, Tauc et al. teach the use of pump and probe 
beams having durations of 0.01 to 100 psec. These beams may 
impinge at the same location on a sample's surface, or the 
point of impingement of the probe beam may be shifted 
relative to the point of impingement of the pump beam. In 
one embodiment the film being measured can be translated in 
relation to the pump and probe beams. The probe beam may be 
transmitted or reflected by the sample. In a method taught 
by Tauc et al. the pump pulse has at least one wavelength 
for non-destructively generating a stress pulse in the 
30 sample. The probe pulse is guided to the sample to 
intercept the stress pulse, and the method further detects 
a change in optical constants induced by the stress pulse 
by measuring an intensity of the probe beam after it 
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be obtained. This method cannot be used if the film lacks 
a sharp, distinct edge, or is too soft in consistency to 
accurately support the stylus. 

Another non-destructive method, based on Rutherford 
5 Scattering, measures the energy of backscattered helium 
ions. The lateral resolution of this method is poor. 

Yet another technique uses resistance measurements to 
determine film thickness. For a material of known 
resistivity, the film thickness is determined by measuring 
10 the electrical resistance of the film. For films less than 
1000 Angstroms, however, this method is of limited accuracy 
because the resistivity may be non-unif ormly dependent on 
the film thickness. 

In yet another technique, the change in the direction of a 
15 reflected light beam off a surface is studied when a stress 
pulse arrives at the surface. In a particular application, 
stress pulses are generated by a piezoelectric transducer 
on one side of a film to be studied. A laser beam focused 
onto the other side detects the stress pulses after they 
20 traverse the sample. This method is useful for film 
^thicknesses greater than 10 microns. 

A film may also be examined by striking a surface of the 
film with an intense optical pump beam to disrupt the 
fillips surface. Rather than observe propagation of stress 

25 pulses, however, this method observes destructive 
excitation of the surface. The disruption, such as thermal 
melting, is observed by illuminating the site of 
impingement of the pump beam with an optical probe beam and 
measuring changes in intensity of the probe beam. The probe* 

3 0 beam's intensity is altered by such destructive, disruptive 
effects as boiling of the film f s surface, ejection of 
molten material, and subsequent cooling of the surface. 
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amplitudes are converted to a computer-generated photograph 
of the sample surface. Sample features below the surface 
are observed by raising the sample to bring the focal point 
beneath the surface. The lateral and vertical resolution 
5 of the acoustic microscope are approximately equal. 

Resolution is greatest for the acoustic microscope when a 
very short wavelength is passed through the coupling 
liquid. This requires a liquid with a low sound velocity, 
such as liquid helium. An acoustic microscope using liquid 
10 helium can resolve surface features as small as 500 
Angstroms, but only when the sample is cooled to 0.1 K. 

Several additional techniques , not involving generation and 
detection of stress pulses, are available for measuring 
film thickness. Ellipsometers direct elliptically 

15 polarized light at a film sample and analyze the 
polarization state of the reflected light to determine film 
thickness with an accuracy of 3-10 Angstroms. The 
elliptically polarized light is resolved into two 
components having separate polarization orientations and a 

20 relative phase shift. Changes in polarization state, beam 
amplitudes, and phase of the two polarization components 
are observed after reflection. 

The ellipsometer technique employs films which are 
reasonably transparent. Typically, at least 10% of the 
25 polarized radiation must pass through the film. The 
thickness of metal sample films thus cannot exceed a few 
hundred Angstroms - 

Another technique uses a small stylus to mechanically 
measure film thickness. The stylus is moved across the 
3 0 surface of a substrate and, upon reaching the edge of a 
sample film, measures the difference in height between the 
substrate and the film. Accuracies of 10-100 Angstroms can 
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(57) Abstract 

A system for the characterization of thin films and interfaces between thin films through measurements of their mechanical and 
thermal properties. In the system light, from laser (136) is absorbed in a thin film or in a structure made up of several thin films, and 
the change in optical transmission or reflection is measured and analyzed using analyser (134). The change in reflection or transmission is 
used to give information about the ultrasonic waves that are produced in the structure. The information that is obtained from the use of 
the measurement methods and apparatus of this invention can include: (a) a determination of the thickness of thin films with a speed and 
accuracy that is improved compared to earlier methods; (b) a determination of the thermal, elastic, and optical properties of thin films; (c) 
a determination of the stress in thin films; and (d) a characterization of the properties of interfaces, including the presence of roughness and 
defects. 
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patterned structures because, again, it is essentially a 
one dimensional method. Thus, another more suitable 
numerical method is used instead. 

The teaching of this invention also includes methods and 
5 apparatus for exciting stress pulses in one part of a thin 
film or multilayer in order to detect a change in another 
part of the thin film, such as a presence o'f a chemical 
reaction, intermixing, or alloying at one or more 
interfaces within the sample. 

10 Relatedly, the teaching of this invention also encompasses 
the characterization of interfacial chemical reactions 
between two or more layers, or between a layer and 
interface, and the correlation of the acoustical and 
optical measurements with reactant species. This includes 

15 the characterization of the structural phase, and one or 
more of the thickness and sound velocity of the layers ±n 
the sample, including any new layers formed by the chemical 
reaction. 

The teachings of this invention also pertain to the 
20 characterization of ion implant dose, energy, species, or 
any other ion implant parameters for an ion implant made 
through a film for the purpose of, by example, altering its 
adhesion to a substrate or an underlying layer. This 
characterization is carried out in accordance with any of 
25 the above-described techniques, in which the adhesion may 
be deduced from the temporal characteristics of the 
observed probe response, or by a simple comparison with a 
reference response for a sample prepared under like 
conditions. 

3 0 Finally, this invention teaches a method for deducing the 
derivative of the index of refraction n or extinction 
coefficient k of a material with respect to stress or 
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strain by making measurements of the reflectivity change in 
the material caused by a stress pulse, of which a 
computable fraction has also been detected in a second 
material whose derivatives of index of refraction and 
5 extinction coefficient with respect to stress or strain are 
known or may be determined separately. 

It should thus be apparent that while the invention has 
been particularly shown and described with respect to a 
number of embodiments thereof, the teachings of this 

10 invention are not to be construed to be limited to only 
these disclosed embodiments. That is, changes in form and 
details may be made to these disclosed embodiments without 
departing from the scope and spirit of the invention. The 
teaching of this invention should thus be afforded a scope 

15 that is commensurate with the scope of the claims which 
follow. 
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CLAIMS 

What is claimed is: 

1. A method for characterizing a structure, comprising 
the steps of: 

applying first electromagnetic radiation to the 
structure for creating propagating stress pulses 
within the structure; 

applying second electromagnetic radiation to the 
structure at a plurality of different incidence angles 
so as to intercept the propagating stress pulses; 

sensing a reflection or transmission of the second 
electromagnetic radiation from the structure at the 
plurality of incidence angles ; 

associating a change in the reflection of the second 
electromagnetic radiation over time with a value of an 
optical characteristic of the structure, and 
determining in accordance with the value of the 
optical characteristic the velocities of the 
propagating stress pulses; and 

optionally determining the elastic modulus of the 
structure in accordance with the determined velocities 
of the propagating stress pulses. 

2. A method for characterizing a three dimensional 
sample comprised of a substrate and possibly one or more 
films deposited on said substrate together with at least 
one structure that is disposed upon or embedded within the 
substrate or one or more of the films, comprising the steps 
of: 
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simulating a mechanical response of the sample , at a 
plurality of discrete time steps, to the application 
of pulses of first electromagnetic radiation; 

applying pulses of the first electromagnetic radiation 
to the sample for creating propagating stress pulses 
within the sample; 

applying second electromagnetic radiation to the 
sample so as to intercept the propagating stress 
pulses; 

sensing from a reflection of the second 
electromagnetic radiation from the sample at least one 
of a time-varying change in intensity, position, 
direction, polarization state, and optical phase of 
the second electromagnetic radiation; and 

associating the sensed time-varying change with a 
property of interest of the sample in accordance with 
the simulated response of the sample. 

3. A method as set forth in claim 2, wherein the 
property of interest includes a dimension that is other 
than a thickness of the at least one film. 

4. A method for characterizing a structure, comprising 
the steps of: 

simulating at predetermined time step increments, in 
accordance with one or more characteristics of the 
structure, a mechanical response of a simulated 
structure over an interval of time to an application 
of a first pulse of optical radiation by at least the 
steps of, 
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determining an initial stress distribution within the 
simulated structure, 

determining a change over the interval of time in the 
stress and strain distribution in the simulated 
structure following an application of the first pulse 
of optical radiation, and 

determining the transient optical response of the 
simulated structure by application of a second pulse 
of optical radiation within the interval of time; 

applying the first pulse of optical radiation to the 
structure ; 

applying, during the interval of time, the second 
pulse of optical radiation to the structure; 

comparing a measured transient response of the 
structure to the determined transient response for the 
simulated structure; 

adjusting a value of the one or more characteristics 
of the simulated structure so as to bring the 
determined transient response into agreement with the 
measured transient response; and 

associating the adjusted value of the one or more 
characteristics with a value of one or more actual 
characteristics of the structure. 

5. A method as set forth in claim 4, wherein the 
structure further comprises at least one layer disposed 
over a substrate, and wherein the step of determining an 
initial stress distribution within the simulated structure 
includes the steps of: 


from optical constants and a thickness of the at least 
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one layer, calculating an electric field, due to the 
first optical pulse, in the simulated structure in 
terms of an amplitude, angle of incidence, and 
polarization of the first pulse on a surface of the 
structure ; 

from the calculated electric field distribution, 
calculating an amount of energy absorbed in the 
simulated structure as a function of position; 

determining an effect of thermal diffusion on the 
absorbed energy distribution; 

calculating a temperature rise as a function of 
position within the simulated structure; and 

calculating a stress within the simulated structure 
from the calculated temperature rise* 

6. A method as set forth in claim 4, wherein the step 
of determining a change in stress and strain in the 
simulated structure includes the steps of: 

selecting a time step r ; 

for each layer of the simulated structure, calculating 
a bin size b equal to the time step r multiplied by 
the sound velocity in the layer; and 

dividing each layer into bins of the calculated bin 
size or bins smaller than the calculated bin size. 


7. A method as set forth in claim 6, wherein the step 
of determining a change in stress and strain in the 
simulated structure further includes the steps of: 
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decomposing the stress in each bin into two 
components, one component initially propagating 
towards a free surface of the simulated structure and 
one component propagating away from the free surface 
of the simulated structure; 

within each layer, stepping the two components forward 
from bin to bin in the appropriate direction, wherein 
for a bin adjacent to a boundary between two layers 
the stress propagating towards the boundary is stepped 
partly into the first bin on the other side of the 
boundary; 

repeating the foregoing steps for a sufficient number 
of time steps r to determine the stress distribution 
for a period at least equal the interval of time; and 

calculating the strain from the determined stress by 
division by an appropriate elastic coefficient* 

8. A method as set forth in claim 4, wherein the 
structure further comprises at least one layer disposed 
over a substrate, and wherein the step of determining a 
transient response of the simulated structure to an 
application of a second pulse of optical radiation within 
the interval of time includes the steps of: 

calculating changes An and Ak in optical constants of 
each layer from calculated strain distribution as a 
function of depth into the simulated structure; and 

from the calculated changes An and Ak in the optical 
constants as a function of depth, and from unperturbed 
optical constants of the at least one layer, 
calculating at least one of the quantities AR, AT, AP, 
A0 and A/?. 


WO 97/27466 


PCT/US96/20917 


96 

9. A method as set forth in claim 8, wherein the step 
of comparing a measured transient response of the structure 
to the determined transient response compares the at least 
one of the calculated quantities AR, AT, AP, A<p and Afi with 
a measured result. 

10 . A method as set forth in claim 4 , wherein said 
plurality of discrete time steps are selected to be small 
compared to a time required for an acoustic wave to 
propagate through a thinnest layer that comprises the 
structure • 

11. A non-destructive system for characterizing a 
s ampl e , compr i s ing : 

means for generating an optical pump pulse and for 
focussing the pump pulse relative to a surface of the 
sample; 

means for generating an optical probe pulse and for 
focussing the probe pulse relative to the surface of 
the sample; 

means for measuring at least one transient response of 
the structure to the pump pulse by detecting a change 
in a reflected or transmitted portion of the probe 
pulse; and 

detector means for automatically adjusting the focus 
of at least one of the pump and probe pulses in 
response to reflected portions of at least one of the 
pump and probe pulses. 

12. A non-destructive system for characterizing a 
sample as set forth in claim 11, wherein said means for 
generating an optical pump pulse generates a train of pump 
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pulses which are applied to a single location on the 
surface of the sample. 

13. A non-destructive system for characterizing a 
sample as set forth in claim 11 , wherein the pump pulse 
induces a stress pulse in the sample that propagates normal 
to the surface. 

14. A non-destructive system for characterizing a 
sample, comprising: 

means for generating an optical pump pulse and for 
directing the pump pulse to an area of the surface of 
the sample ; 

means for generating an optical probe pulse and for 
directing the probe pulse to a same or different area 
of th6 surface of the sample so as to arrive after the 
pump pulse; 

means for measuring at least one transient response of 
the structure to the pump pulse by detecting a change 
in a reflected or transmitted portion of the probe 
pulse; and 

means for determining an electrical resistivity of at 
least a portion of the sample in accordance with the 
measured transient response. 

15. A non-destructive system for characterizing a 
sample , compris ing : 


means for generating an optical pump pulse and for 
directing the pump pulse to an area of the surface of 
the sample; 
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means for generating an optical probe pulse and for 
directing the probe pulse to a same or different area 
of the surface of the sample so as to arrive after the 
pump pulse; 

means for measuring at least one transient response of 
the structure to the pump pulse by detecting a change 
in a characteristic of a reflected or transmitted 
portion of the probe pulse; 

means for varying a temperature of at least a portion 
of the structure during the operation of the measuring 
means; and 

means for determining, from the measured transient 
response, a derivative of a velocity of an acoustic 
wave within the structure with respect to temperature, 
and for associating the determined derivative of the 
velocity with a static stress within the structure. 

16. A method for operating a non-destructive system 
for characterizing a sample, comprising the steps of: 

generating an optical pump pulse and directing the 
pump pulse to an area of the surface of the sample; 

generating an optical probe pulse and directing the 
probe pulse to a same or different area of the surface 
of the sample so as to arrive after the pump pulse; 

measuring at least one transient response of the 
structure to the pump pulse by detecting a change in 
a characteristic of a reflected or transmitted portion , 
of the probe pulse; and 

determining an electrical resistivity of a portion of 
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the sample in accordance with the measured transient 
response. 

17. A method for operating a non-destructive system 
for characterizing a sample, comprising the steps of: 

generating an optical pump pulse and directing the 
pump pulse to an area of the surface of the sample; 

generating an optical probe pulse and directing the 
probe pulse to a same or different area of the surface 
of the sample so as to arrive after the pump pulse; 

measuring at least one transient response of the 
structure to the pump pulse by detecting a change in 
a characteristic of a reflected or transmitted portion 
of the probe pulse; 

varying a temperature of at least a portion of the 
structure during the step of measuring; and 

determining, from the measured transient response, a 
derivative of a velocity of an acoustic wave within 
the structure with respect to temperature, and 
associating the determined derivative of the velocity 
with a static stress within the structure. 

18. A non-destructive system for characterizing a 
sample, comprising: 

means for a generating a sequence of optical pump 
pulses at a frequency f 1 and for directing the 
sequence of pump pulses to an area of the surface of 
the sample; 


means for generating a sequence of optical probe 
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pulses at a frequency f 2 and for directing the 
sequence of probe pulses to a same or different area 
of the surface of the sample, wherein f, is not equal 
to f 2 for continuously varying a delay between the 
generation of a pump pulse and the generation of a 
probe pulse; and 

means for measuring, at a rate given by one of (fj-fg) 
or (fj+f^ , at least one transient response of the 
structure to the sequence of pump pulses by detecting 
a change in a characteristic of a reflected or 
transmitted portion of the sequence of probe pulses. 

19. A non-destructive system for characterizing a 
sample , comprising : 

means for a generating a sequence of optical pump 
pulses and for directing the sequence of pump pulses 
to an area of the surface of the sample; 

means for generating a sequence of optical probe 
pulses, wherein a delay between individual ones of the 
probe pulses, with respect to an individual one of the 
pump pulses, is modulated at a frequency f and for 
directing the sequence of probe pulses to a same or 
different area of the surface of the sample; and 

means for measuring, at a rate given by f , at least 
one transient response of the structure to the 
sequence of pump pulses by detecting a change in a 
characteristic of a reflected or transmitted portion 
of the sequence of probe pulses. 

20. A non-destructive system for characterizing a 
sample, comprising: 
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means for a generating a sequence of optical pump 
pulses that are intensity modulated at a frquency f, 
and for direting the sequence of pump pulses to an 
area of the surface of the sample; 

means for generating a sequence of optical probe 
pulses, wherein a delay between individual ones of the 
prpbe pulses, with respect to an individual one of the 
pump pulses, is modulated at a frequency f 2 , and for 
directing the sequence of probe pulses to a same or 
different area of the surface of the sample, wherein 
f 1 is not equal to f 2 ; and 

means for measuring, at a rate given by one of (f,-f 2 ) 
or (f t +f 2 ) , at least one transient response of the 
structure to the sequence of pump pulses by detecting 
a change in a characteristic of a reflected or 
transmitted portion of the sequence of probe pulses. 

21. A non-destructive system for characterizing a 
sample, comprising: 

means for generating an optical pump pulse having a 
first wavelength and for directing the pump pulse to 
an area of the surface of the sample; 

means for generating an optical probe pulse from the 
optical pump pulse and for directing the probe pulse 
to a same or different area of the surface of the 
sample so as to arrive after the pump pulse, the 
optical probe pulse being generated to have a second 
wavelength that is a harmonic of the first wavelength; 
and 

means for measuring at least one transient response of 
the structure to the pump pulse by detecting a change 
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in a characteristic of the reflected or transmitted 
portion of the probe pulse. 

22. A non-destructive system for characterizing a 
sample, comprising: 

means for generating an optical pump pulse and an 
optical probe pulse from an input pulse having a first 
wavelength, wherein the pump pulse has a wavelength 
that is a harmonic of the first wavelength and the 
probe pulse has a wavelength that is equal to the 
first wavelength; 

means for directing the pump pulse to an area of the 
surface of the sample and for directing the probe 
pulse to a same or different area of the surface of 
the sample so as to arrive after the pump pulse; and 

means for measuring at least one transient response of 
the structure to the pump pulse by detecting a change 
in a characteristic of the reflected or transmitted 
portion of the probe pulse. 

23. A method for operating a non-destructive system 
for characterizing a sample, comprising the steps of: 

generating an optical pump pulse and directing the 
pump pulse to an area of the surface of the sample; 

generating an optical probe pulse and directing the 
probe pulse to a same or different area of the surface 
of the sample so as to arrive after the pump pulse; 

measuring at least one transient response of the 
structure to the pump pulse by detecting a change in 
a reflected portion of the probe pulse; and 
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detecting at least one acoustic echo in the reflected 
portion of the probe pulse, the step of detecting 
including a step of determining a time of arrival of 
the acoustic echo by convolving the detected acoustic 
echo with a predetermined function. 

24. A method for operating a non-destructive system 
for characterizing a sample, comprising the steps of: 

generating an optical pump pulse and directing the 
pump pulse to an area of the surface of the sample; 

for each generated optical pump pulse, generating an 
optical probe pulse and directing the probe pulse to 
the surface of the sample so as to arrive after the 
pump pulse, wherein some of the probe pulses are 
directed to the surface at a first angle relative to 
the surface, and others of the probe pulses are 
directed to the surface at a second angle relative to 
the surface; and 

measuring at least one transient response of the 
structure to the pump pulses by detecting a change in 
a reflected portion of the probe pulses at each of the 
first and second angles. 

25. A method for characterizing a structure comprised 
of a substrate and at least one layer that is an 
intentionally or a non- intentionally formed layer that is 
disposed over the substrate, comprising the steps of: 

generating a reference data set of a transient optical 
response of the structure to an optical pump pulse, 
the reference data set being generated from at least 
one of (a) at least one reference sample or (b) a 
simulation of a mechanical motion of a simulated 
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structure at predetermined time step increments 
selected to have a duration of less than one half of 
a time required for an acoustic pulse to propagate 
through a thinnest layer of the structure; 

applying a sequence of optical pump pulses and optical 
probe pulses to the structure; 

comparing a measured transient response of the 
structure to the reference data set; 

adjusting a value of the one or more characteristics 
of the structure so as to bring the reference data set 
into agreement with the measured transient response; 
and 

associating the adjusted value of the one or more 
characteristics with a value of one or more actual 
characteristics of the structure, 

26. A non-destructive system for characterizing a 
sample, comprising: 

means for generating an optical pump pulse and for 
directing the pump pulse to an area of the surface of 
the sample; 

means for generating an optical probe pulse and for 
directing the probe pulse to a same or different area 
of the surface of the sample so as to arrive after the 
pump pulse, wherein the pump pulse has the same 
wavelength as the probe pulse or a wavelength that is 
different than the wavelength of the probe pulse; 

means for automatically controlling a focusing of the 
pump and probe pulses on the surface of the sample; 
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means for measuring at least one transient response of 
the structure to the pump pulse , the measured 
transient response comprising a measurement of at 
least one of a modulated change AR in an intensity of 
a reflected portion of the probe pulse, a change AT in 
an intensity of a transmitted portion of the probe 
pulse, a change AP in a polarization of the reflected 
probe pulse, a change L<p in an optical phase of the 
reflected probe pulse, and a change in an angle of 
reflection Afl of the probe pulse; 

means for calibrating the measurement system for a 
determination of an amplitude of the transient optical 
response of the sample; and 

means for associating an output of said means for 
measuring with at least one characteristic of interest 
of the structure . 

27. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for measuring a derivative of the transient response 
as a function of at least one of an incident angle of the 
pump or probe pulses and as a function of a wavelength of 
at least one of tjhe pump and probe pulses. 

28. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for measuring at least one static response of the 
sample to the pump pulse, the static response measurement 
comprising at least one of a measurement of the optical 
reflectivity in accordance with an incident and a reflected 
average intensity of at least one of the pump and probe 
pulses, an average phase change of at least one of the pump 
and probe pulses upon reflection from the structure; and an 
average polarization and optical phase of at least one of 


WO 97/27466 


PCIYUS96/20917 


106 

the incident and reflected pump and probe pulses. 

29. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said 
characteristic of interest includes a thickness of at least 
one layer of the sample, a mechanical property of the at 
least one layer , and a characteristic of an interface 
between the at least one layer and at least one of another 
layer or the substrate, 

30. A non-destructive system for characterizing a 
sample as set forth in claim 26 , and further comprising 
means for varying a location of said sample relative to at 
least one of said pump and probe pulses. 

31. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for varying a temperature of said sample during an 
operation of said measuring means, and for measuring a 
derivative of a velocity of an acoustic wave in said sample 
with respect to temperature, and for correlating the 
measured derivative with a static stress within said 
sample. 

32. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are applied along parallel optical paths to a 
focussing objective that is disposed for focussing said 
pump and probe pulses on said sample. 

33. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are applied along parallel optical paths to. a. 
focussing objective that is disposed for focussing said 
pump and probe pulses on said sample, and are applied with 
one of a normal or oblique incidence angle to said sample. 
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34. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein one of said pump 
and probe pulses is applied to said surface of said sample 
with a normal incidence angle, and wherein the other one of 
said pump and probe pulses is applied to said surface of 
said sample with an oblique incidence angle. 

35. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are derived from a single laser pulse. 

36. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are each derived from a separate laser pulse. 

37. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are derived from a single laser pulse, and 
further comprising means for converting a wavelength of 
said single laser pulse to a harmonic of the wavelength 
such that one of the pump and probe pulses has a wavelength 
that differs from the wavelength of the other pulse. 

38. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for impressing an intensity modulation on at least 
one of said pump and probe pulses. 

39. A non-destructive system for characterizing a 
sample as set forth in claim 38, wherein said means for 
impressing is synchronized to a pulse repetition rate of a 
laser that generates said pump or probe pulses. 

40. A non-destructive system for characterizing a 
sample as set forth in claim 38, wherein said means for 
impressing impresses a first intensity modulation frequency 
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on said pump pulse and a second r different intensity 
modulation frequency on said probe pulse . 

41. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising: 

a continuous wave laser source for illuminating a 
portion of a surface of said sample with cw light; and 

means , responsive to reflected cw light , for 
performing an ellipsometric measurement of said 
sample. 

42. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising: 

a light source for illuminating a portion of a surface 
of said sample; and 

means for imaging said illuminated portion and for 
providing thd image to one of an operator or a pattern 
recognition software. 

43. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising a 
thermal source for illuminating a portion of a surface of 
said sample with thermal radiation for controllably varying 
a temperature of said sample during the operation of the 
system. 

44.. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said measuring 
means directly measures a derivative of said at least one 
transient response of the sample with respect to a time 
delay between said pump pulse and said probe pulse. 
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45. A non-destructive system for characterizing a 
sample as set forth in claim 2 6 , wherein one of the pump 
and probe pulses has a wavelength that differs from the 
wavelength of the other pulse, and further comprising a 
wavelength selective filter in an optical path of the probe 
pulse for passing the probe pulse while blocking any 
scattered portion of the pump pulse. 

46. A non-destructive system for characterizing a 
sample as set forth in claim 2 6 , and further comprising 
means for changing a spatial relationship between a 
location where the probe pulse is incident on the sample to 
a location wherein the pump pulse is incident on the 
sample. 

47. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump and 
probe pulses are derived from first and second pulsed laser 
sources, respectively, and wherein a pulse repetition rate 
of said first laser source differs from a pulse repetition 
rate of said second laser source. 

48. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for automatically varying a ratio of pump pulse 
energy to probe pulse energy. 

49. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for automatically maintaining a substantially 
constant location, shape and size of the probe pulse on the 
sample for a range of temporal offsets between the probe 
pulse and the pump pulse. 

50. A non-destructive system for characterising a 
sample as set forth in claim 26, and further comprising 
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means for focussing and translating said probe pulse on a 
surface of said sample independent of said pump pulse. 

51. A non-destructive system for characterizing a 
sample as set forth in claim 50 , wherein said focussing and 
translating means is comprised of a fiber optic having a 
tapered end diameter for performing near field focussing of 
said probe pulse, and means for translating said tapered 
end of said fiber optic relative to a focal spot of said 
pump pulse. 

52. A non-destructive system for characterizing a 
sample as set forth in claim 50, wherein said focussing and 
translating means is comprised of a fiber optic having an 
end disposed for collecting reflected probe light, and 
means for translating said fiber optic relative to a 
surface of said sample. 

53. A non-destructive system for characterizing a 
sample as set forth in claim 26 , and further comprising a 
plurality of fiber optics each having an end disposed 
relative to a surface of said sample for directing said 
pump and probe pulses to said sample. 

54 . A non-destructive system for characterizing a 
sample as set forth in claim 53, and further comprising a 
further fiber optic having an end disposed relative to the 
surface for collecting reflected probe light. 

55. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said sample is 
comprised of a plurality of patterned sub-structures having 
dimensions less than, a focal spot diameter of either said 
pump or probe pulses, and wherein a plurality of said sub- 
structures are simultaneously illuminated by said pump and 
probe pulses. 
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56. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said sample is 
comprised of a plurality of sub-structures that are 
arranged periodically, and further comprising means for 
determining at least one characteristic of said sub- 
structures by comparing an optical response of said sub- 
structures to simulations of a vibrational response of said 
sub-structures to the pump pulse. 

57. A non-destructive system for characterizing a 
sample as set forth in claim 26, and further comprising 
means for detecting a presence of at least one acoustic 
echo in the reflected portion of the probe pulse. 

58. A non-destructive system for characterizing a 
sample as set forth in claim 57, wherein said detecting 
means determines a time of arrival of the acoustic echo by 
detecting a location in time of a feature of interest of 
the acoustic echo. 

59. A non-destructive system for characterizing a 
sample as set forth in claim 57, wherein said detecting 
means determines a time of arrival of the acoustic echo by 
convolving the detected acoustic echo with a predetermined 
function. 

60. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said measuring 
means measures the transient response at at least two 
different angles of incidence of said probe pulse. 

61. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said sample is 
further comprised of one of a transparent layer and a 
partially absorbing layer. 
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62. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said sample is 
further comprised of at least one first layer disposed 
beneath at least one second layer, and wherein at least 
said probe pulse passes through said at least one second 
layer to reach said at least one first layer. 

63. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said associating 
means comprises means for comparing an output of said 
measuring means with at least one of a simulation of the 
sample to an application of the pump and probe pulses or to 
a result of an application of the pump and probe pulses to 
a reference sample. 

64. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said pump pulse is 
applied at a first location on a surface of the sample, 
wherein said probe pulse is applied at a second location on 
the same or a different surface of the sample, and wherein 
said associating means determines a characteristic of 
interest for a portion of the sample that lies between the 
first and second locations. 

65. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said sample is 
patterned into at least one three-dimensional multilayered 
sub-structure, and wherein said associating means comprises 
means for comparing an output of said measuring means with 
a three-dimensional simulation . of the at least one 
multilayered sub-structure to an application of the pump 
and probe pulses. 

66. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said 
characteristic of interest includes a characteristic of an 
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interlayer between at least one layer and at least one of 
another layer or the substrate. 

67. A non-destructive system for characterizing a 
sample as set forth in claim 66, wherein said 
characteristic of the interlayer includes at least one of 
a thickness of the interlayer, a structural phase of the 
interlayer, and a chemical species that is located within 
the interlayer. 

68. A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said 
characteristic of interest includes an adhesion property of 
at least one layer to another adjacent layer or to the 
substrate. 

69 i A non-destructive system for characterizing a 
sample as set forth in claim 26, wherein said 
characteristic of interest includes at least one of a 
derivative of an index of refraction or a derivative of an 
extinction coefficient with respect to stress or strain 
induced by the pump pulse. 

70. A method for characterizing a structure comprised 
of a substrate and at least one layer disposed on the 
substrate, comprising the steps of: 

simulating a response of a model of the structure to 
an application of a first pulse of optical radiation 
followed by a transient response of the structure to 
an application of a second pulse of optical radiation 
within an interval of time; 

applying the first pulse of optical radiation to the 
structure ; 
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applying, during the interval of time, the second 
pulse of optical radiation to the structure; 

comparing a measured transient response of the 
structure to the determined transient response; 

adjusting one or more characteristics of the model of 
the structure so as to bring the determined transient 
response into agreement with the measured transient 
response ; and 

associating the adjusted one or more characteristics 
with one or more actual characteristics of the 
structure, wherein 

the step of adjusting adjusts at least one of a 
crystal orientation within the at least one layer, an 
interface roughness between the at least one layer and 
another layer or the substrate, a thermal diffusivity 
within the at least one layer, an electronic 
diffusivity within the at least one layer, optical 
constants within the at least one layer, derivatives 
of optical constants with respect to stress or strain 
within the at least one layer, and a surface roughness 
of the sample. 

71. A method as set forth in claim 70, wherein the 
step of adjusting further adjusts a static stress within 
the at least one layer* 

72. A method as set forth in claim 70, wherein the 
step of adjusting further adjusts a presence of or a 
thickness of a region of intermixing between two layers. or 
a layer and the substrate. 


73. A method for characterizing a structure comprised 
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of a substrate and at least one layer disposed on the 
substrate, comprising the steps of: 

simulating a mechanical response of a model of the 
structure to an application of a first pulse of 
optical radiation by the steps of determining an 
initial stress distribution within the structure in 
response to the first pulse of optical radiation, 
calculating acoustical normal modes of the structure, 
decomposing the determined initial stress distribution 
into a sum over the calculated normal modes, and 
determining a change in a transient optical response 
of the structure, at a time of interest, to a second 
pulse of optical radiation . by summing, for each 
calculated normal mode, a change in the transient 
optical response due to a spatial stress pattern 
associated with each normal mode; 

applying the first pulse of optical radiation to the 
structure ; 

applying, at the time of interest, the second pulse of 
optical radiation to the structure; 

comparing a measured transient optical response of the 
structure to the determined transient optical 
response; 

adjusting one or more characteristics of the structure 
so as to bring the determined transient optical 
response into agreement with the measured transient 
optical response; and 

associating the adjusted one or more characteristics 
with one or more actual characteristics of the 
structure . 
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74. A method for characterizing a structure comprised 
of a substrate and at least one layer disposed on the 
substrate, comprising the steps of: 

simulating a vibrational response of the at least one 
layer to an application of a first pulse of optical 
radiation, the response being simulated in accordance 
with a spring constant parameter per unit area at an 
interface between the at least one layer and another 
layer or the substrate; 

measuring the actual response of the at least one 
layer by applying the first pulse of optical radiation 
followed by an application of a second pulse of 
optical radiation, and sensing a vibration of the at 
least one layer by a change in a reflected portion of 
the second pulse of optical radiation; 

comparing the measured response with the simulated 
response ; 

adjusting the spring constant parameter to bring the 
simulated response into agreement with the measured 
^ response; and 

characterizing a strength of the interface from the 
adjusted spring constant parameter • 

75, A method as set forth in claim 74, wherein the 
simulated vibrational response is a simulated damping rate. 

76. A non-destructive method for characterizing a 
sample, comprising the steps of: 

generating an optical pump pulse and directing the 
pump pulse to an area of the surface of the sample; 
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for each generated optical pump pulse , generating an 
optical probe pulse and directing the probe pulse to 
the surface of the sample so as to arrive after the 
pump pulse; 

automatically focusing the pump and probe pulses to 
achieve predetermined focusing conditions? 

measuring at least one transient response of the 
structure to the pump pulse, the measured transient 
responses comprising a measurement of at least one of 
a modulated change AR in an intensity of a reflected 
portion of the probe pulse, a change AT in an 
intensity of a transmitted portion of the probe pulse, 
a change AP in a polarization of the reflected probe 
pulse, a change A<£ in an optical phase of the 
reflected probe pulse, and a change in an angle of 
reflection A0 of the probe pulse; 

applying at least one calibration factor to the at 
least one transient response; 

associating an output of said means for measuring with 
at least one characteristic of interest of the 
structure ; 

adjusting a value of the one or more characteristics 
of the structure so as to bring a reference data set 
into agreement with the measured transient response; 
and 

associating the adjusted value of the one or more 
characteristics with a value of one or more actual 
characteristics of the structure . 

77. A method for characterizing a structure, 
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comprising the steps of: 

applying first electromagnetic radiation to the 
structure for creating propagating stress pulses 
within the structure; 

applying second electromagnetic radiation to the 
structure at a predetermined incidence angle so as to 
intercept the propagating stress pulses; 

sensing a reflection or transmission of the second 
electromagnetic radiation from the structure ; 

associating a change in the reflection of the second 
electromagnetic radiation over time with a value of an 
optical characteristic of the structure for 
determining a transient response of the structure; 

determining an index of refraction of the structure 
using an ellipsometric technique; and 

determining a velocity of sound in the structure in 
accordance with the predetermined angle and the 
determined transient response and index of refraction. 
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Extrinsic optical-fiber ultrasound 
sensor using a thin polymer film as a 
low-finesse Fabry-Perot interferometer 


P. C. Beard and T. N. Mills 


Theoretical and experimental aspects of an extrinsic optical-fiber ultrasound sensor are described. The 
sensor is based on a thin transparent polymer film acting as a low-finesse Fabry-Perot cavity that is 
mounted at the end of a multimode optical fiber. Performance was found to be comparable wi th that of 
a piezoelectric polyvinylidene difluoride- membrane (PVDF) hydrophone with a sensitivity of 61 
mV/MPa, an acoustic noise floor of 2.3 KPa over a 25-MHz bandwidth, and a frequency response to 25 
MHz The wideband-sensitive response and design flexibility of the concept suggests that it may find 
application as an alternative to piezoelectric devices for the detection and measurement of ultrasound. 
Key words: Optical fiber, ultrasound, Fabry-Perot, polymer film.© 1996 Optical Society of America 


1. Introduction 

The detection of ultrasound is most commonly 
achieved by the use of piezoelectric devices. Trans- 
ducers made from piezoceramics such as lead zir- 
conate titanate (PZT) and lithium niobate (LiNb0 3 ) 
can offer high sensitivity, but their poor acoustic- 
impedance match to liquids results in a very nonuni- 
form frequency response, giving a poor representa- 
tion of the detected signal. The piezoelectric polymer 
polyvinylidene difluoride (PVDF) has an acoustic 
impedance much closer to that of water, thus giving a 
more uniform frequency response, but it is not as 
sensitive as piezoceramic devices. Common to trans- 
ducers fabricated from both types of material are a 
susceptibility to electromagnetic interference and 
signal distortion and a reduced sensitivity that is 
due to the electrical-loading effects of the transducer 
leads. In addition, the cost and fragility of piezoelec- 
tric-transducer elements limit their use for certain 
applications. 

Various intrinsic and extrinsic optical-fiber ultra- 
sound sensors have been suggested as an alternative 
to piezoelectric devices for applications in which a 
totally electrically passive sensor is required. Intrin- 
sic ultrasound sensors, in which the fiber itself acts 
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as the transduction element, have tended to be 
either polarimetric 1 - 6 or interferometric 7 - 10 devices. 
Although intrinsic sensors have been demonstrated 
to be capable of detecting acoustic waves at ultra- 
sonic frequencies, their sensitivity is relatively low 
compared with that of piezoelectric transducers. 
Their uniformity of frequency response is also poor 
because of the acoustic-impedance mismatch be- 
tween the fused silica of the optical fiber and water. 7 
A further limitation for applications in which a high 
degree of measurement accuracy is required arises 
from the fact that the active length of the fiber 
responds to the line integral of the acoustic field. 3 
If the phase of the ultrasound field over the region 
intercepted by the fiber is not the same at all points 
along the fiber, the peak pressure of the field may be 
underestimated. In addition, active phase-control 11 
and polarization-control 12 systems are often re- 
quired to keep the sensor at its optimum operating 
point, adding to the cost and complexity of the 
system. For point measurements for which a probe- 
type configuration is required, intrinsic optical-fiber 
sensors are generally unsuitable because a length of 
fiber, typically close to 1 cm, must be placed in the 
ultrasound field. Extrinsic optical-fiber ultrasound 
sensors are more suitable in this respect. These 
sensors use the fiber simply to deliver light to and 
from an optical sensor at the end of the fiber, which 
interacts with the acoustic field. One scheme relies 
upon the interferometric detection of acoustically 
induced changes in the separation of two optical 
fibers in a silica tube. 13 Another that uses a fiber 
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Micheleson interferometer 14 is essentially a fiber- 
optic version of a bulk optical scheme used for the 
primary calibration of ultrasonic hydrophones. 15 
This scheme is based on the measurement of acousti- 
. cally induced displacements of a thin membrane. 
High sensitivity has been reported, although a some- 
what complex, active phase-bias-control system is 
required as both arms of the fiber interferometer are 
sensitive to ambient thermal and pressure fluctua- 
tions. Other extrinsic optical-fiber sensors have 
made use of beam-deflection techniques, 16 Raman- 
Nath diffraction, 17 and acoustically induced changes 
in the refractive index at a poly(methyl methacry- 
late)-water [(PMMA)-water] interface. 18 Most of 
these extrinsic noninterferometric optical-fiber tech- 
niques are of low sensitivity. 

The extrinsic optical-fiber sensor described in this 
paper is based on the detection of acoustically in- 
duced changes in the thickness of a thin, clear, 
polymer film acting as a low-finesse Fabry-Perot 
interferometer 19 that is mounted at the end of an 
optical fiber. The use of a thin polymer film as the 
sensing element has a number of advantages. 
Because the polymer film itself is the interferometer 
and has a short path length, it exhibits a low 
sensitivity to environmental thermal and pressure 
fluctuations. Thus there is no need for complex 
polarization- and phase-bias-control systems. A film 
thickness of a few tens of micrometers gives a 
megahertz bandwidth and removes the need for a 
long-coherence source. The low Young's modulus 
(4—5 GPa) of many polymers as compared with that of 
a fused-silica (— 70-GPa) fiber produce a high acous- 
tic sensitivity. In addition, many polymers have an 
acoustic impedance close to that of water, resulting 
in a uniform frequency response. Furthermore, be- 
cause the active area of the sensor is defined by the 
core diameter of the optical fiber, small active areas 
are possible. A small active area avoids the line- 
integral-resporrse problem of intrinsic sensors and 
enables a high spatial resolution and a low direc- 
tional sensitivity to be achieved. In this paper the 
theoretical aspects of the sensor's performance are 
considered. This is followed by a comparison of the 
experimentally measured performance with that of a 
PVDF-membrane hydrophone. 

2. Principles of Operation 

- A schematic drawing of the system for the optical- 
fiber detection of ultrasound in water is depicted in 
Fig. 1. Light from a wavelength-tunable laser di- 
ode is launched into a multimode optical-fiber down- 
lead. The sensing element, mounted at the end of 
the fiber, comprises a thin (typically a few tens of 
micrometers thick) transparent polymer film acting 
as a low-finesse Fabry-Perot interferometer. The 
optical reflection coefficients of the mirrors of the 
interferometer are defined by the Fresnel reflection 
coefficients arising from the refractive-index mis- 
matches between the two sides of the film and the 


Muhimodc al^ilica 

opbcaWibcr downlead. Sert.sor head 


Wavelength- 
tunable CW - 
laser diode 



Transparent polymer 
sensing film 


Fig. 1. Schematic diagram showing the optical-fiber detection of 
ultrasound. 


surrounding media. This concept avoids the need 
for optically reflective coatings to be applied to the 
film. The stress that is due to an incident acoustic 
wave modulates the thickness of the film, and there- 
fore the optical phase difference between the two 
reflections. A corresponding intensity modulation 
is produced, which is then transmitted back along 
the fiber for detection at a photodiode. For opti- 
mum sensitivity and linearity the sensor is operated 
and maintained at quadrature by adjustment of the 
wavelength of the laser diode. The space between 
the fiber tip and the sensing film is filled with water. 
With the assumption that the sensor is used to detect 
ultrasound in water, this water-filled cavity serves 
two purposes. First, the Fresnel reflection coeffi- 
cients on either side of the film will be equal, giving 
an optimum fringe visibility of unity. Second, the 
water provides an acoustic-impedance match on the 
fiber side of the film, minimizing acoustic reflections 
that would otherwise degrade the sensor's unifor- 
mity of frequency response. 

3. Theory 

The theoretical aspects of the sensor's operation are 
considered first with an examination of the output of 
a low-finesse Fabry-Perot interferometer to obtain 
the phase sensitivity. Second, the acoustic sensitiv- 
ity and the frequency response of the sensor are 
modeled by means of a consideration of the interac- 
tion of the sensing film with an acoustic field. 
Finally the interferometric and acoustic parameters 
are brought together to give the overall system 
sensitivity. 

A. Low-Finesse Fabry-Perot Interferometer Output 
Figure 2 shows a polymer-film sensing element of 
refractive index n and thickness / in contact with two 
different media: on the left-hand side medium 1 of 
refractive index n Y and on the right-hand side me- 
dium 2 of refractive index n 2 . The Fresnel reflec- 
tions coefficients arising from the refractive-index 
mismatches at the boundaries of the sensing film are 
assumed to be sufficiently low to permit the contribu- 
tion of multiple reflections within the interferometer 
to be neglected. The analysis is therefore that of a 
two-beam interferometer. In the following subsec- 
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Fig 2 Diagram of a polymer-sensing film acting as a low-finesse 
Fabry-Perot interferometer. 1 and 2 denote the media on the 
left- and right-hand sides, respectively. 


tions, the case in which the interferometer is illumi- 
nated with light at normal incidence is examined, 
followed by a consideration of the effects of the 
illumination of the interferometer with the diver- 
gent output of an optical fiber. 

I. Illumination of the Sensing Film at Normal 
Incidence 

The resultant intensity Z 0 that is due to the superpo- 
sition of reflections h and 7 2 from the two sides of the 
film as a result of light at normal incidence (Fig. 2) is 


h = h+h + *4hh cos O, 


(1) 


lated term d/ 0 that is linearly dependant on d<J> and a 
dc component J dc by 


where <D is the total phase difference arising from the 
optical path-length difference between the two reflec- 
tions. When an acoustic wave is incident on the 
sensing film, $ consists of two components: the 
unsignaled phase-bias term 4> that defines the work- 
ing point of the interferometer and a time-varying 
signal term d<}> that arises from the acoustically 
induced change in thickness of the sensing film: 

(t> = 4> + d<j>. ( 2 ) 

Inserting Eq. (2) into Eq. (1) and expanding give 

/ 0 = Jj + J 2 + 2 W2 cos <J> cos d 4> ~~ sin * sin d< ^* 

(3) 

For optimum sensitivity and linearity it is desirable 
that we set the phase-bias term ct> at quadrature 
where 4> = (2m + lW/2 (for integer m) by tuning the 
wavelength of the laser source. At the first quadra- 
ture point, 4> = it/2, and for small d<t>, Eq. (3) reduces 
to 


h = '1 + h - 2 x // 1 / 2 d<t>. 


(4) 


d/ 0 = -2 v V 2 d<t>, 
/ dc - h + /* 


(5) 
(6) 


I x and I 2 can be written in terms of the incident 
intensity / and the Fresnel reflection coefficients r x 
and r 2 , defined by the refractive-index mismatches at 
the boundaries of the sensing film by 


Under these conditions, the output of the interferom- 
eter that is detected by the photodiode consists of an 
acoustically induced, time-varying, intensity-modu- 


U = 1(1 - r x fr 2l 


where 


ri = 


'n - n 
in + n 


2 \n -5- 71,/ 


(7) 


(8) 


From Eqs. (5H7) the P hase sensitivity of the interfer- 
ometer, denned as the intensity modulation per unit 
phase shift, d/ 0 /d<t>, and the dc level J dc can now be 
written as 


d<t> 


= -2/(1 - r^r^, 


he = JVi + (1 " 


(9) 


(10) 


It is desirable to maximize the phase sensitivity by a 
suitable choice of I, r lt and r 2 , but it is important to 
note that these parameters also affect the dc compo- 
nent. This dc component is an undesirable element 
of the interferometer output, as it produces a large 
photocurrent with attendant shot noise that can 
dominate the noise characteristics of the photodiode 
Furthermore, if the dc level is too high it will 
saturate the photodiode limiting the maximum phase 
sensitivity that can be achieved by an increase in /. 
For these reasons it is necessary to both minimize 
the dc level and maximize the phase sensitivity for 
optimum performance. This is achieved when val- 
ues of rj and r 2 are chosen that give a fringe visibility 
of one. For low values of r x and r 2 {<!%), such as 
those denned by the Fresnel reflection coefficients 
occurring at a polymer-water interface, this condi- 
tion is met by setting r, = r 2 . This condition can be 
readily achieved in practice if one ensures th at water 
is in contact with both sides of the film. With the 
fringe visibility equal to one, the laser power can now 
be increased as much as possible before it reaches 
the saturation threshold of the photodiode. This 
increase enables the highest possible phase sensitiv- 
ity to be obtained. When a polyethylene terephthaU. 
ate (PET) sensing film (n = 1.6) surrounded by water 
(n, = n 2 = 1.33) is used.r, = r 2 = 0.00849 and for / « 
3 mW Eq. (9) yields dJ 0 /d* = 50.4 pW 'rad. With the 
use of a typical silicon photodiode, this value of the 
phase sensitivity would enable phase shifts of the 
order of 10 mrad to be detected. Equation 110) gives 
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a value of / dc of 50.4 pW, which is well below the 
saturation threshold of such a photodiode. 


of the film as determined from Eq. 1 12 : should be less 
than 35 pm. 


2. Optical-Fiber Illumination of the Sensing Film 

■ In a previous paper 19 it was noted that sensitivity 
decreased significantly when the sensing film was 
illuminated with the divergent output of an optical 
fiber. This decrease arises as a result of the in- 
creased optical path lengths taken by light at nonnor- 
mal angles of incidence. 

Consider the case in which a collimated beam of 
light is normally incident upon the sensing film. 
All the light that is transmitted into and reflected 
back from the film travels the same optical path. 
Each point across the reflected optical field that is 

. due to the interference between the reflections from 
the two sides of the sensing film is therefore associ- 
ated with the same phase bias. Thus all the re- 
flected -signal intensity-modulated light dV 0 arriving 
at the photodiode is in phase. This is in contrast to 
the situation in which the sensor is illuminated with 
the divergent light emerging from the end of a 
large-diameter multimode optical fiber. The optical 
path length, and therefore the phase bias associated 
with the reflected light, is dependent on the angle of 
incidence, and this dependence can lead to condi- 
tions in which partial or complete cancellation of the 
signal occurs. Consider the case in which the light 
striking the film at normal incidence travels an 
optical path length 21 and assume that this path 
length corresponds to the first quadrature point. 
A ray at an angle of incidence 6 takes an extra path 
length AZ: 


M = 21 


cos 0 


- 1 


(11) 


The corresponding difference in the phase bias 4> rf as 
a result of thisjextra path length is 


4lT7zZ 


cos 9 


- 1 


(12) 


where X is the wavelength of the laser source. As 
the angle of incidence is increased, the phase-bias 
difference <b<j also increases until <t> d = n\ At this 
point the total optical path length corresponds to the 
next quadrature point and so the intensity-modu- 
lated signal is now in antiphase with the signal 
arising from the normally incident light. When 
imaged onto the same detector the two signals 
cancel. This signal-canceling effect not only re- 
duces the phase sensitivity but also adds to the dc 
level. The solution is to ensure that the thickness of, 
the interferometer and the maximum angle of diver- 
gence are such that the phase-bias difference <b d , as a 
result of the extra path length Al 9 is less (ideally 
significantly less) than 7r rad. To meet this condi- 
tion with a PET film (n = 1.6), for example, and 
850-nm light emerging from an optical fiber with a 
maximum half-angle divergence of 5°, the thickness 


B. Sensor-Acoustic-Field Interaction: Acoustic 
Sensitivity and Frequency Response 

This subsection concerns the sensor-acoustic-field 
interactions and considers the phase modulation 
produced by an acoustic wave incident on the sens- 
ing film. The acoustic sensitivity, as a function of 
frequency, is considered by an examination of the 
thickness resonance modes arising from reflections 
of a normally incident acoustic wave within the 
sensing film only. The effects of radial resonance 
modes and acoustic perturbations produced by the 
structure holding the sensing film are not consid- 
ered. 

The strain that is due to a normally incident 
acoustic wave produces a change in the thickness of 
the polymer film dZ, which then gives rise to a phase 
shift d<f> which, neglecting strain-induced changes in 
the refractive index, is 


d<(> = 


47TAld/ 


(13) 


where n is the refractive index of the polymer film 
and X is the wavelength of the laser source. The 
changes in film thickness is given by 


dZ 


-f 


P T % t) 


(14) 


where E is the Young's modulus of the polymer film. 
Pr(je, ^represents the spatial distribution of pressure 
across the thickness of the sensing film and is the 
sum of the component of the incident acoustic wave 
that is transmitted into the sensor film P x and 
subsequent acoustic reflections P 2 , P 3 , . . . , P n at the 
boundaries of the film. These reflections, shown 
schematically in Fig. 3, arise as a result of the 
differences in acoustic impedance between the poly- 
mer film and the surrounding media. 



Fig. 3. Acoustic reflections within the sensing film. As in Fig. 2. 
the numerals denote media 1 and 2. 
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In general, for a sinusoidally varying incident 
acoustic wave of amplitude P 0 and angular acoustic 
frequency u> traveling in the negative x direction, the 
stress distribution across the film from the superpo- 
sition of Pi and an odd number of subsequent 
reflections N, with the acoustic attenuation ne- 
glected, is 


iV- b 2 


P T - PoT 2 sin l^ - k{2li - *" 

-r Rj-tRj sin[ui* - fe(2Zi + 


(15) 


where T is the pressure-amplitude transmission 
coefficient resulting from the acoustic-impedance 
mismatch between the sensing film and surrounding 
media, R x and R 2 are the pressure-amplitude reflec- 
tion coefficients at the two surfaces of the film, and 


T = 


2Z 


Z + Z 2 


z : - z 

Z + Zi 


*2 = 


z 2 - z 
z + z 2 


(16) 


where Z is the acoustic impedance of the polymer 
sensing film and Z x and Z 2 are the acoustic imped- 
ances of the media on either side of the film. 
Substituting P T into Eq. (14) and evaluating the 
integral give an expression of the form 


dZ =-pr 2 *,-cos(wf + fc). 


(17) 


This is the sum of N + 2 sinusoids of the same 
frequency but different amplitudes and phases and 
can be written as 


P T 

dl = ~ 4/ cos(cot -+■ 4), 


where the amplitude 4/ is 


1 


2 cos + X sin & 


N+2 


(18) 


(19) 


The thickness of the sensor film is therefore modu- 
lated at a frequency u> and is of an amplitude 


P 0 T 


(20) 


The pressure-amplitude reflection coefficient result- 
ing from the acoustic-impedance mismatch between 
water (acoustic impedance of 1.5 x 10 s kg/m 2 s) and 
a polymer film such as PET (acoustic impedance of 
3.1 x 10 6 kg m 2 s) is small at -0.35. For the pur- 
poses of modeling the frequency response of the 
sensor film it is sufficient to consider five reflections 
because, after this number of reflections, the ampli- 
tude is reduced by more than 2 orders of magnitude. 
After evaluation of Eq. (15) for N = 5 and the integral 


in Eq.(14), Eq. (19) yields 

^2. = [(1 - J?, + (Ri - RJ^i ~ l)cos kl 
+ [R 2 R l - flj/Vlcos 2kl 

+ (#2#1 2 - *2 2 * 1 2 )C0S Zkl 

+ (#2 2 *i 2 - ^ 2 2 ^i 3 )cos 4kl + i? 2 2 J?i 3 cos 5kl} 2 
+ [(flj?! - R, - Dsin kl - (BaRi - fl^Jsin 2kl 

- (i?J?r - R 2 2 «i 2 )sin Zkl 

- [Rn^Ri 1 - Bo^^lsin Akl - R 2 2 R? sin 5£/] 2 . 

(21) 

The acoustic sensitivity of the sensing film can be 
conveniently defined as the phase modulation per 
unit acoustic pressure d<t>o/^o- Eor N = 5 this is 


d<i>o 
Po 


4-nn T 


(22) 


Equation (22) can be used to predict the sensitivity 
and the frequency response for various sensor-film 
materials and different media in contact with the 
two sides of the film. Four different acoustic- 
loading configurations are considered below. The 
acoustic sensitivity as a function of acoustic fre- 
quency for each case is shown in Fig. 4 for a 
50-um-thick PET film that has the values E = 4.4 
GPa, c = 2200 m/s, and n = 1.6. 

I. Matched-Load Sensing Film 
A matched load represents an ideal case in which the 
polymer film is surrounded by media of the same 
acoustic impedance (Z = Z x = Z 2 ) so there are no 
acoustic reflections at the boundaries. Under these 
conditions R x - R* « 0 and T = 1, and Eq. (21) 
reduces to 


*| 5 ] = 2 sinj^j • 


(23) 


Inserting Eq. (23) into Eq. (22) and using the relation 
k = 2tt/\ 0 , where \ a is the acoustic wavelength, we 
find that the acoustic sensitivity is 


d<t> 0 4n \ a Itrl 


(24) 


There are two frequency regimes of interest. F "" st » 
there is the case in which the acoustic wavelength \ a 
is much greater than the thickness / of the film, and, 
second there is the case when \ Q approaches /. If K 
is large compared with f, the pressure gradient 
across the sensor is effectively zero and Eq. (24) 
reduces to, for X a » l> 


d<J> 0 4*7171 I 


X E 


(25) 
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Fig. 4. Theoretical acoustic sensitivity as a function of the frequency response for different acoustic-loading configurations with a 
50-um-thick PET sensing film. Parameters: E = 4.4 GPa, c - 2200 m/s, X = 850 nm, and 2 = 3.1 x 10 6 kg/m 2 s. 


Equation (25) shows that, at low frequencies and for a 
given laser wavelength and refractive index n, d<b 0 /P 0 
is dependent on only the thickness and the Young's 
modulus of the sensor material. As the acoustic 
wavelength is reduced and approaches Z, the spatial 
variation of the pressure field across the sensor 
becomes significant and d<t> 0 /Po decreases, becoming 
zero when k a = I. The first frequency at which 
d4>o/^o is zero is given by 


fc - e/t. 


(26) 


where c is the speed of sound in the sensor material. 
Beyond f c the^value of d<^ 0 /P 0 varies rapidly with an 
increasing frequency and becomes zero for wave- 
lengths equal to multiples of I. In the example 
shown in Fig. 4 this behavior is shown with f c 
occurring at 44 MHz. This simple analysis provides 
an insight into the required acoustic properties of 
the sensing element. For the maximum acoustic 
sensitivity and frequency response, a material with 
both a low Young's modulus and a high speed of 
sound is required. A material with a very low 
Young's modulus will exhibit a high acoustic sensitiv- 
ity for \ Q y> L If it also has a very low speed of sound 
then Eq. (12) shows that, for a high-frequency re- 
sponse, I must be small. This small value of / in 
turn reduces the acoustic sensitivity. 

2. Rigid-Back Sensing Film 

The sensing film is backed with a medium that has a 
very high acoustic impedance (Z l » Z) and Ri = 1. 
For algebraic simplicity the front-face reflection is 
neglected by setting the values R 2 - 0 and T = 1 and, 
from Eq. (21), i(/. 5j becomes 


and the acoustic sensitivity is 

d<J> 0 4n k Q /2i7/ 


(28) 


In the low-frequency limit Eq. (28) reduces, for X a » Z, 
to 


d<fro 
Po 


Sirn I 


(29) 


This expression is a factor of 2 higher than the 
acoustic sensitivity of the matched-load configura- 
tion discussed in Subsection 3.B.I., although the 
cutoff frequency f c has decreased by a factor of 2 and 
now occurs at 

f c = c/2L (30) 
This change is shown in Fig. 4 occurring at 22 MHz. 
3. Air-Backed Sensing Film 

In this case the film is backed by air (Z x «Z] so that 
R\ - -1. To simplify Eq. (21) we again neglect the 
reflection from the front face of the sensing film by 
setting i? 2 = 0 and T = 1. Equation (21) becomes 


4i| 5 | = 4 sin 2 kl, 
and from Eq. (22) the acoustic sensitivity is 
Sn K B JttI\ 


d<t>p 
Po 


Snk a . M\ 


(31) 


(32) 


i|i|5[ = 2 sin kl, 


(27) 


The nonuniform frequency-response characteristic 
of this configuration is shown clearly in Fig. 4, with 
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the acoustic sensitivity rising from zero to a maxi- 
mum. Such a configuration gives a poor representa- 
tion of the acoustic wave, particularly when sensing 
short pulses with a broadband frequency content. 19 

4. Water-PET-Water Sensing Film 
The closest practical configuration to the matched- 
load ideal described in Subsection 3.B.I. is to have 
water in contact with both sides of the PET sensing 
film. In this case Z, = Z 2 « 1.5 x 10 5 kg/m 2 s, so 
that Ri = Ro = -0.35. The acoustic sensitivity is 
modeled by the use of the full form of Eq. (21). The 
prominent features of the frequency-response curve 
shown in Fig. 4 are the \ 2 resonance at approxi- 
mately 20 MHz and the cutoff frequency f c at 44 
MHz. In practice it can be expected that the effects 
of attenuation within the film (not considered in this 
model) would act to reduce the magnitude of the k 2 
resonance. In the low-frequency regime where 
\ a » I and when R l = R 2 , Eq. (21) reduces to 


J, . klil - R 1 S ) 


i=0 


which for small values of Ri. further reduces to 


ki 


4>\o] = 


T 


■:33) 


134) 


(35) 


Substituting Eq. (34) into Eq. (22) gives 
d<t>o 4~n I 

which is the same expression for the low-frequency 
acoustic sensitivity for the matched-load case given 
in Eq. (25). This behavior is shown clearly in Fig. 4, 
with the departure from the matched-load case 
beginning/' at approximately 2 MHz. The low- 
frequency acoustic sensitivity of the water-PET- 
water configuration is 0.27 rad/MPa. 

C. Overall System Sensitivity 

The essential point to be noted from Subsection 3. A. 
is that the phase sensitivity is limited by the maxi- 
mum laser power that can be used before the dc level 
saturates the photodiode. To achieve the highest 
phase sensitivity we have established that (1) the dc 
level should be kept to a minimum by ensuring that 
the fringe visibility is equal to one, and (2) the 
interferometer thickness and the angle of divergence 
of the optical fiber should be kept to a minimum. 
Thus the thickness, of .the sensing element is not 
determined solely by considerations of the acoustic 
sensitivity and the frequency response, as might be 
expected. For example, if a low-frequency response 
is required, the film could be made quite thick to 
achieve a high acoustic sensitivity. This, however, 
would increase the signal-canceling problems aris- 
ing from optical-fiber illumination of the sensing film 
and would degrade the overall sensitivity. The 


trade-off is therefore between the requirements of 
phase sensitivity, acoustic sensitivity, and frequency 
response. When the very highest sensitivity is re- 
quired for detecting small-amplitude signals, it is 
necessary to strive for both the highest possible 
acoustic and phase sensitivities. Under high-ampli- 
tude-signal conditions it is important to ensure that 
the acoustic sensitivity is not too high. If the signal- 
induced phase modulation becomes too large, the 
small-angle approximation cannot be invoked, result- 
ing in a nonlinear response. In such circumstances 
it is the phase sensitivity that should be optimized 
for the maximum dynamic range. 

Multiplying the phase sensitivity and the acoustic 
sensitivity brings together the interferometric and 
acoustic aspects of the sensor operation to give an 
expression for the overall system sensitivity in terms 
of the intensity per unit acoustic pressure. Multiply- 
ing Eq. (22) by Eq. (9) yields 


d/o 

Po 


(36) 


For a 50-pm PET sensing film surrounded by water 
with the use of the values 50.4 uW rad for the phase 
sensitivity obtained in Subsection 3.A. and 0.27 
rad-MPa'for the acoustic sensitivity obtained in 
Subsection 3.B., Eq. (36) gives the system sensitivity 
at 13.6 uW/MPa. 

4. Experimental Procedure 

The aim of the experimental work was to demon- 
strate the concept of the optical-fiber Fabry-Perot 
polymer-film ultrasound sensor. An experimental 
sensor head has been constructed and tested to 
evaluate the performance of a 50-pm PET film acting 
as the sensing element. Laser-generated ther- 
moelastic waves were used as a source of wideband 
ultrasound, and the output of the sensor was com- 
pared with that of a PVDF-membrane hydrophone. 

A. Experimental Sensor Head 

The sensor head was designed so that the sensing 
film could be easily removed and replaced, the 
fiber-film separation varied, and different areas of 
the film interrogated for phase-bias control. The 
latter is necessary because, for the purpose of demon- 
strating the concept, a fixed-wavelength He-Ne la- 
ser was used rather than a tunable laser diode 
source. The sensor head, shown in Fig. 5, was 
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Fig. 5. Illustration of the experimental sensor head. 
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constructed from brass and is of an overall diameter 
of 12 mm. The sensing film used was 50-um-thick 
PET film. This thickness was chosen as an accept- 
able compromise between the requirements of acous- 
tic sensitivity and of limiting the signal-canceling 
effects described in Section 3. The optical fiber is 
inserted through an eccentrically located hole in a 
polytetrafluoroethylene fPTFE) insert in the main 
screw, which permits it to be rotated without grip- 
ping the fiber. A plastic disk is bonded to the fiber a 
few millimeters from its distal end. Turning the 
screw advances the fiber toward the film, and a 
locking ring enables the screw to be locked at the 
appropriate fiber-film separation. The fiber is ec- 
centrically located, so rotation of the screw results in 
the light emerging from the end of the fiber scanning 
a circle on the polymer film. Because a typical 
polymer film is not perfectly flat, the phase bias is 
different for each point on the film that is illuminated. 
Exploiting this fact provides a means of setting the 
interferometer at quadrature. First the main screw 
was rotated until it had passed through two consecu- 
tive points that produced a signal minimum. The 
screw was then turned back until the illuminated 
region of the film was at a point equidistant between 
the two points corresponding to the signal minima. 
At this point the interferometer was at quadrature, 
and the signal at a maximum. The experimental 
sensor head described above was designed primarily 
for evaluation purposes and is somewhat large for 
certain applications. A 1-mm-diameter sensor head 
with the same sensing element has been incorpo- 
rated into a photoacoustic probe, 20 demonstrating 
the feasibility of a miniature-probe-type configura- 
tion. 

B. Experimental Arrangement and Method 

The experimental arrangement is shown in Fig. 6. 
Wideband ultrasonic thermoelastic waves were gen- 
erated by the absorption of 20-ns optical pulses at 
532 nm in Quink Solv-x ink, which was assumed 
to approximate a nonscattering absorber. The 
optical-beam diameter was 4 mm. The optical 
pulses, produced by a frequency-doubled Q-switched 
Nd:YAG laser, were directed onto the ink, which was 
placed in contact with the Perspex window in the 
bottom of the water bath. The resulting thermoelas- 
tic waves propagate vertically upward and are re- 
flected from a glass block angled at 45° acting as an 
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Fig. 6. Experimental arrangement for measuring the sensor 
performance. 
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acoustic reflector. A calibrated 25-MHz, 50-um bi- 
laminar PVDF-membrane hydrophone with an ac- 
tive diameter of 1 mm and which was immersed in 
the water bath was used as a reference hydrophone. 
This type of hydrophone is widely acknowledged as 
the gold standard in ultrasound measurements on 
account of its wideband, uniform frequency re- 
sponse, linearity and stability, and minimum pertur- 
bation to the acoustic field under measurement. 
The calibration of the hydrophone, carried out by the 
National Physical Laboratory, is over the range of 
1-30 MHz in steps of 1 MHz. A 7-mW He-Ne laser 
operating at 633 nm was used to illuminate the 
sensor film by means of a 2-m length of 400-um 
all-silica optical fiber. The intensity-modulated sig- 
nal reflected from the sensor film was transmitted 
back along the fiber and directed onto a 25-MHz 
silicon p.i.n. hybrid photodiode with an active diam- 
eter of 0.8 mm. 

Experiments were carried out to measure the 
sensitivity, frequency response, linearity, and stabil- 
ity of the optical-fiber sensor. For the experiments 
in which linearity and stability were being mea- 
sured, the sensor head was positioned directly be- 
hind the hydrophone in the water tank so that the 
same region in the acoustic field was measured 
simultaneously by both devices. For the sensitivity 
and frequency-response measurements, even the 
relatively small acoustic perturbation produced by 
the membrane hydrophone was unacceptable. We 
therefore obtained these measurements by immers- 
ing the optical-fiber sensor in the tank, taking a 
measurement, and then removing the sensor and 
replacing it with the hydrophone. To ensure that 
the same point in the ultrasound field was being 
measured by both the sensor and the hydrophone, 
the low-power, fixed-Q output of the Nd:YAG laser 
was used as an alignment beam. The position of 
the hydrophone or sensor was adjusted until the 
Fresnel reflection from the Perspex window was 
visible in the active area of the device. Fine adjust- 
ment was then carried out by steering the optical 
beam while thermoelastic waves were being gener- 
ated in the liquid absorber until the output of the 
device under alignment was at a maximum. In 
addition, care was taken to ensure that the acoustic 
path length (approximately 6 cm) traveled by the 
thermoelastic wave was identical for both measure- 
ments. This was achieved to a high degree of 
accuracy by the adjustment of the position of each 
device so that the time from firing the Q-switched 
laser pulse to detection of the thermoelastic wave 
was the same. There is significant variation from 
pulse to pulse in the output of a Q-switched Nd:YAG 
laser, so the output from each device was averaged 
over 60 shots by means of the signal-averaging 
function of a 500-MHz digitizing oscilloscope. 

C. Sensor Mode of Operation 

In principle it is possible that the signal detected by 
the sensor is due to acoustically induced bulk move- 
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ment or displacement of the sensing film. In this 
case it would be the Fresnel reflections from the 
cleaved distal end of the fiber and the front face of 
the film (the side closest to the end of the fiber) that 
would interfere. Verification that it was changes in 
the thickness of the sensing film that were being 
detected rather than its bulk displacement was 
achieved when the sensor was set up and aligned so 
that a clearly detectable acoustic signal could be 
observed. The back face of the film (the side fur- 
thest from the fiber) was then abraded with sandpa- 
per thus destroying the specular reflection from the 
back face. The only significant interference would 
then be between the reflections from the end of the 
optical fiber and the front face of the polymer film. 
Under these conditions no signal from an incident 
acoustic wave could be detected, verifying the thick- 
ness mode of operation of the sensor. 

D. PVDF-Membrane Hydrophone and Sensor Comparison 
The signals measured by the optical-fiber sensor and 
the hydrophone are shown in Figs. 7. A measure- 
ment was made first with the optical sensor. The 
sensor was then removed and replaced with the 
membrane hydrophone as described in Subsection 


i 


I -2L 


1 



Time (ms) 

Fig. 7. Comparison of (a) the optical-fiber sensor output with lb) 
the 50-um PVDF-membrane hydrophone output in response to a 
thermoelastic wave of amplitude 0.1 MPa. Signal labels: 
A, thermoelastic wave generated in the Perspex window; B, 
thermoelastic wave generated in the ink absorber; C, reflection of 
signal A within the Perspex window; R, reflection of signal B from 
the tip of the optical fiber. 


4.B. so that the same point in the acoustic field was 
measured with both devices. Signal averaging over 
60 pulses was performed in each case. The first 
signal, A (see Figs. 7), is a small-amplitude ther- 
moelastic wave generated at the boundary between 
the upper surface of the Perspex window and the 
surrounding water. The second signal B is the 
thermoelastic wave generated in the ink. Signal C 
is the reflection of signal A within the Perspex 
window. Signal R [Fig. 7(ai] is the reflection of the 
thermoelastic-wave signal B from the tip of the 
optical fiber [showing that the fiber-film separation 
is approximately 1.6 mm) and therefore appears on 
only the sensor output. These results indicate that 
the sensor exhibits a signal-to-noise ratio compa- 
rable with that of the membrane hydrophone. In 
addition, the shape of the wave measured by the 
sensor, as shown more clearly in the normalized 
expanded view of signal B in Fig. 8, is m good 
agreement with that of the hydrophone, suggesting 
comparable frequency-response characteristics. 

1. Sensitivity 

The end-of-cable sensitivity of the membrane hydro- 
phone is 150 mV/MPa at 10 MHz. By direct com- 
parison of the peak positive pressures registered by 
each device as shown in Figs. 7, the sensitivity of the 
sensor is 61 mV/MPa. The sensitivity of the photo- 
diode-amplifier combination is 10 mV/pW, so this 
value corresponds to a system sensitivity 6l 0 iP of 6.1 
uW/MPa. If we take into account that the laser 
power is 7 mW and the wavelength is 633 nm, dI 0 /P 
is approximately a factor of 5 lower than the value 
predicted in Section 3 for normally incident light. 
The reason for this lower value is most likely due to 
the signal-canceling effects resulting from the diver- 
gent output of the optical fiber, which reduces and 
limits the phase sensitivity. The Fresnel reflections 
that fall on the photodiode from the front and the 
distal cleaved ends of the fiber further exacerbate 
this problem by adding to the dc level. 

2. Noise 

The noise floor of the membrane hydrophone is very 
low 21 (less than 0.5 KPa) and in these measurements 
is dominated by the noise associated with the oscillo- 
scope. It is measured, in this example, over 60 
averages at 0.050 mV (0.33 KPa) in a measurement 
bandwidth of 25 MHz. The corresponding measure- 
ment for the sensor, dominated by the photodiode- 
amplifier-combination noise, over the same measure- 
ment bandwidth is 0.14 mV (2.30 KPa). Thus in 
terms of the signal-noise ratio the sensor output is 
approximately a factor of 7 lower than the. PVUJf - 
membrane hydrophone. 

3. Frequency Response 

We obtained the frequency response by taking the 
Fourier transform B s (f) of the normalized signal in 
Fig. 8 that was measured with the sensor. The 
Fourier transform of the corresponding signal as 
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Fig. 8. Expanded view of signal B from Figs. 7 showing the comparison of the normalized optical-fiber sensor output with the 
PVDF-membrane hydrophone output. 


measured with the hydrophone B h [f) was then com- 
puted, and a correction was applied to take into 
account the frequency-response characteristics of 
the hydrophone, giving C h (f\ as shown in Fig. 9. 
C h [f) gives the distribution of frequency components 
arriving at the sensor head. Dividing B s (f) by C h {f) 
therefore gives the frequency response of the sensor, 
as shown in Fig. 10. The theoretical frequency 
response (given in Section 3) for the 50-um PET film 
surrounded by water is also shown, along with the 
calibrated frequency response of the PVDF-mem- 
brane hydrophone. At low frequencies the correla- 
tion between theory and experiment is good. The 
half-wave resonance appears as expected at approxi- 


20 
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FVDF-hydro phone O-tput B h (f) 
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Frequency (MHz) 

Fig. 9. Acoustic frequency spectra of the signals measured with 
the optical-fiber sensor and the PVDF-membrane hydrophone 
shown in Fig. 8. 


rnately 20 MHz, although its magnitude is a factor of 
1 A larger than expected. Although it was not termi- 
nated at 50 H, the length of the coaxial cable (0.6 m) 
connecting the hybrid photodiode to the oscilloscope 
should not have produced a resonance close to this 
frequency. Further investigation showed that it 
was a peak in the frequency response of the photodio- 
de-amplifier combination that coincided with the 
20-MHz acoustic-thickness-mode resonance that was 
responsible for the apparent enhanced resonance, 
and, in the time domain, for the increased size of the 
rarefaction part of the signal as compared with the 
hydrophone output that is shown in Fig. 8. Careful 
choice of a detector with a uniform response and a 
matched electrical load would overcome this prob- 
lem. 
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Fig. 10. Comparison of the optical-fiber-sensor frequency re- 
sponse with the theoretical model and the PVDF-membrane- 
hydrophone frequency-response values. 
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Fig. 11. Optical-fiber sensor output as a function of the acoustic 
pressure as measured with the PVDF-membrane hydrophone. 


4. Linearity 

It is assumed that the PVDF-membrane hydrophone 
is linear to well beyond 0.6 MPa. 21 * 22 The sensor 
was placed directly behind the hydrophone, and the 
positions of both devices adjusted independantly 
until the maximum signal detected by each was 
observed. Simultaneous readings from the sensor 
and the hydrophone were taken. This procedure 
was repeated over a range of acoustic pressures by 
variation of the energy of the optical pulses incident 
upon the ink absorber. The results, shown in Fig. 
11, show an excellent linearity of response up to 0.5 
MPa, limited by the maximum pulse energy of the 
Q-switched NdiYAG laser. A dynamic range in ex- 
cess of 30 dB was obtained. It should be noted that 
the acoustic pressures shown in Fig. 11 are those 
measured with the hydrophone. The true acoustic 
pressure arriving at the sensor head is somewhat 
lower as a result of the attenuation of the acoustic 
signal as it passes through the hydrophone. 


5. Stability 

Adequate short- and long-term stabilities are essen- 
tial for a practical measurement device. The usual 
source of sensitivity fluctuations in homodyne inter- 
ferometric sensors is due to environmentally in- 
duced variations in the phase bias, particularly in 
the case of long-path interferometers. In the scheme 
presented here the thinness of the polymer film 
acting as the interferometer means that it is rela- 
tively insensitive to external perturbations that are 
likely to occur in the short term. The sensitivity 
over a period of 80 h is shown in Fig. 12. The 
experimental method was the same as that used for 
the linearity measurements. Figure 12 shows that 
the sensor is stable, within the uncertainty of the 
measurement, typically over a period of several 
hours, and over 80 hours the output does not fluctu- 
ate by more than 10%. This stability indicates a 
low sensitivity to ambient temperature and pressure 
fluctuations. 

Other significant factors that may lead to changes 
in sensitivity are those influences that act on the 
optical-fiber downlead. Vibration produced when 
the fiber was rapidly and vigorously shaken had 
virtually no effect on the signal. The signal was, 
however, observed to decrease when the fiber was 
bent to a significant degree. Effectively the higher- 
order modes (which remain unfilled over a short 
length of the fiber) become filled when the fiber is 
bent, increasing the angle of divergence of the light 
emerging from the end of the fiber and thus bringing 
into effect the signal-canceling effects described in 
Subsection 3.A.2. This effect was reduced when the 
modes were scrambled and the input launch condi- 
tions adjusted so that all the propagation modes 
were filled, resulting in a constant angle of diver- 
gence. This improvement however is obtained at 
the expense of phase sensitivity. 

E. Rigid-Backed Sensing Film 

It would be useful to find some way to remove the 
reflection of the thermoelastic wave (signal R in Figs. 
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7) from the tip of the fiber. This reflection may 
coincide with the arrival of a signal to be detected 
and can affect the low (<1 MHz) frequency response 
of the sensor. A rigid backing offers a solution as it 
gives a high acoustic sensitivity and a uniform, 
although reduced, frequency response. It could con- 
ceivably be achieved by the attachment of a transpar- 
ent material of relatively high acoustic impedance, 
such as glass, to the back of the sensing film. This 
solution, however, would destroy the fringe visibility 
because the Fresnel reflection coefficient between 
PET and glass is very low (1 x 10~ 3 ). A novel ap- 
proach has been found to overcome the reduction in 
• fringe visibility if it is ensured that there is a gap 
between the film and the backing that, in acoustic 
terms, is of negligible thickness but is large enough 
to allow a thin layer of water to exist. The water 
layer maintains the fringe visibility at unity but 
allows the sensor to be effectively rigid backed. In 
practice this rigid backing was achieved by the use of 
the cleaved end of the fused-silica optical fiber as the 
backing material. The fiber was moved gradually 
closer toward the sensing film until the thermoelas- 
tic waves reflected from the tip of the fiber were 
superposed onto the initial wave incident on the 
sensor film. The effect of this superposition is to 
increase the acoustic sensitivity by a factor of 2, as 
shown in the theoretical model shown in Fig. 4. 
This result is verified in Figs. 13, which show the 
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Fig. 13. (a) Water-backed configuration showing multiple reflec- 
tions between the sensing film and the fiber tip, and (b) superposi- 
tion of the same reflections in a rigid-backed configuration. 


output of the sensor before and after the fiber is 
brought close to the sensing film. Some broadening 
of the second half of the pulse is apparent in Fig. 13(bl 
because of the reduced frequency response of the 
rigid-backed configuration. 


5. Conclusions 

An extrinsic optical-fiber sensor has been described 
and demonstrated, showing that a thin polymer film 
acting as a Fabry-Perot interferometer can be used 
for the detection of ultrasound. High sensitivity 
and a flat, wideband frequency response have been 
demonstrated to be in good agreement with a theo- 
retical model. The sensor was found to exhibit a 
performance comparable with that of a PVDF- 
membrane hydrophone. 

It is considered that for practical use two aspects 
require further attention. First, a tunable laser 
diode would be needed to set the phase bias to 
quadrature on start up and to maintain the bias for 
high stability. Second, reducing the sensitivity to 
bends in the fiber without lowering the phase sensi- 
tivity is required. Reduced bend sensitivity has 
been demonstrated by the use of mode scrambling, 
but it reduces the ratio of the phase sensitivity to the 
dc level. This ratio could be increased if the distal 
end of the fiber were mode stripped to reduce the 
angle of divergence. Such a measure would signifi- 
cantly reduce the light emerging from the end of the 
fiber. A higher laser power would be needed to 
compensate the reduction in emergent light, or alter- 
natively more efficient use of the light could be made 
by the application of optically reflective coatings to 
the two sides of the sensing film. 

A particular advantage with this technology is 
that there are a wide range of optically clear polymer 
films of varying acoustic properties that could be 
used as the sensing film. This availability enables 
the properties of the sensing film to be chosen in 
accordance with the requirements of a specific appli- 
cation. For example, if a very flat frequency re- 
sponse is required, a polymer that has an acoustic 
impedance even closer to water than that of PET 
could be chosen to minimize the thickness resonance. 
If a high acoustic sensitivity is required, a material 
with a low Young's modulus can be selected. In 
addition, because polymer films of the order of a few 
micrometers thick are readily available, potential 
bandwidths of several hundred megahertz are pos- 
sible. Furthermore, because the active area of the 
sensor is defined by the spot size illuminating the 
sensing film, very small active diameters {a few tens 
of micrometers) can be obtained by the use of small- 
diameter fibers. For example, a 50-pm-diariieter 
fiber could easily be employed, giving an excellent 
spatial resolution and a low directional sensitivity. 
This potential for high performance makes it particu- 
larly suitable for the measurement of the output of 
medical ultrasound equipment. For such measure- 
ments, an inexpensive sensor is required that gives 
an accurate temporal and spatial representation of 
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the ultrasound field under measurement. Applica- 
tion may also be found in situations in which high 
levels of electromagnetic interference preclude the 
use of conventional piezoelectric devices and limited 
access requires an inexpensive, miniature, flexible 
probe. 
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Foundation and the Medical Research Council. 
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Measurements: The output from detector 1 using cyanoacrylate 
glue is shown in Fig. 3. Both linear (upper) and logarithmic 
(lower) time scales are shown. The detected signal evolves through 
six cycles (I2jt) before it stabilises, i.e. before the glue is com- 
pletely cured. The output from detector 2 shows a similar response 
(not shown), shifted in phase with respect to detector I. By dis- 
solving the cyanoacrylate with a few drops of dimethyl forma- 
mide, the reverse response could be observed with a duration of a 
few minutes. 

The output from detector 1 using epoxy glue is shown in Fig. 4. 
The spike in the curve is due to a manual interrogation to ensure 
that the sensor was well adjusted. No induced birefringence could 
be measured during the full curing time of the epoxy. 

Discussion: The measurements in Fig. 3 indicate that the cyanoacr- 
ylate glue induces birefringence in optical fibres when used for sur- 
face mounting as in Fig. I . The birefringence is caused by stresses 
in the fibre core induced during the curing process, with a direc- 
tion equivalent to that resulting from loading a weight on top of 
the fibre. The induced birefringence in the fibre is given by the dif- 
ference in optical path length for the polarisations parallel (n ; ) and 
perpendicular (*,) to the plate: 


sensor applications is unacceptable. A thick layer of epoxygluc 
induced no measurable birefringence. Hence, if an application 
requires low fibre birefringence, epoxy is a better choice than 
cyanoacrylate. Further, for measurements involving cyanoacrylate. 
the curing time for most commercially available glues is 24 h oi 
more. 
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(1) 


The birefringence is found to be B = «, - n : = 3.6 x I0 -5 . For com- 
parison, the equivalent weight needed to induce the same birefrin- 
gence may be found using the following formula [7]: 


B = 4C 


(2) 


where /is the force per unit length (N/m), r = 62.5 um is the outer 
radius of the fibre, and £ = 7.6 x 10 10 N/m- is Young's 
modulus for fused silica. The constant C is given as C = 0.5 xnj 
(Pi:-/>iiXI +v r )* where n m = 1.46 is the average refractive index of 
the fibre, /?,, =0.113 and p xz = 0.252 are the components of the 
strain-optical tensor of the fibre material [8], and v, = 0. 1 7 is the 
Poisson ratio for the fibre. Taking the measured value of B = 3.6 
x 10- 5 and inserting numbers into eqn. 2 yields the force neede* 
over 13 cm to produce the same birefringence as gluing witi 
cyanoacrylate as f =/x L * 69N. Thus, the cyanoacrylate glu 
induces a stress in the fibre core equivalent to applying a weight o J 
7 kg on top of the 13 cm fibre. This was confirmed experimental!: 
by squeezing the fibre between two glass plates. The required 
weight to induce a polarimeter readout of I2it was 7.8 kg. 

There are two reasons for die large difference between the 
cyanoacrylate and the epoxy. First, the cyanoacrylate shrinks 
more during the curing process than the epoxy; secondly, by 
inspection of Fig. I, it is evident that any shrinking of the thin 
layer of cyanoacrylate glue will produce an anisotropic stress in 
the fibre. For the epoxy, the stresses will afTect the fibre more uni- 
formly due to the larger volume of epoxy surrounding the fibre. 
No attempt to distinguish between the two effects has been made. 

For a polarimetric sensor consisting of a birefringent fibre, the 
added birefringence is unwanted. The glue induced birefringence 
will be superimposed on the internal birefringence of the fibre, 
which, for example, for bow-tie fibres has axes with arbitrary 
orientations with respect to the surface. The net sensor response 
will therefore be disturbed in an unpredictable manner. 

For a Bragg grating, the induced birefringence will cause the 
reflected spectrum for the two polarisations to split. The shift 
between the two centre wavelengths for the two polarisations for a 
1550 nm grating will be given by AX* = 2{n t -n$ A * 38 pm. For a 
Bragg grating used as a strain sensor the typical strain-wavelength 
conversion factor is l.2pm/u£ at 1550nm [IJ. The cyanoacrylate 
thus causes an increased uncertainty in strain measurements of 
32u£, which for many applications is unacceptable. Polarisation 
splitting of Bragg gratings glued using cyanoacrylate of this order 
and larger has been observed by the authors. In [9), a polarisation 
splitting of 60 pm for a surface mounted Bragg grating using 
cyanoacrylate glue was reported. Here, the grating was mounted 
in a v-groove. which further enhances the glue induced stresses. 

Conclusions: The birefringence introduced by two commonly used 
glues for surface mounting optical fibres was investigated. 
Cyanoacrylate glue was found to induce a birefringence in a 
standard singlemode optical fibre of 3.6 x I0~\ which for many 
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Miniature optical fibre ultrasonic 
hydrophone using a Fabry-Perot polymer 
film interferometer , o . <* ^ 

PC. Beard and T.N. Mills v — ' 

indexing terms: Fibre optic sensors. Light interferometers. 
Hydrophones 

An optical fibre hydrophone for the measurement and detection 
of ultrasound is described. The active sensing element consists of 
a low finesse Fabry-Perot polymer film interferometer bonded to 
the tip of an optical fibre, of 50 um core diameter and 0.25min 
outer diameter. Sensitivity was found to be 1 14mV/MPa with an 
acoustic noise floor of 1 5kPa over a 25 MHz bandwidth. 

Introduction: Ultrasonic hydrophones such as those based on pie- 
zoelectric PVDF sensing elements are widely used for characteris- 
ing ultrasound fields [I]. There can/ however, be problems 
associated with the electrical nature of piezoelectric devices, 
including sensitivity to EMI and cable loading and resonance 
effects due to the connecting cable. Fragility, expense and the dif- 
ficulties involved in fabricating small (<l0Gum) active element 
diameters for low directional sensitivity whilst retaining adequate 
acoustic sensitivity can also present limitations. We describe a 
miniature optical fibre hydrophone which, by its electrically pas- 
sive nature, small active diameter and simplicity of fabrication, has 
the potential to overcome these disadvantages. The acoustically 
active element comprises a thin polymer film (~50um) acting as a 
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low finesse Fabry-Perot interferometer [2] mounted at the tip of an 
optical fibre. An incident acoustic wave modulates the thickness of 
the film and hence the optical phase difference between the laser 
light reflected from the two sides of the film. This produces a cor- 
responding intensity modulation of the light reflected from the 
film. For optimum sensitivity and linearity, the interferometer 
should be operated at a phase bias that corresponds to quadra- 
ture. An advantage of using a polymer film as an extrinsic inter- 
ferometric acoustic sensing element, rather than the fibre itself [3, 
4J, is that the low Young's modulus of polymers enables high 
acoustic sensitivity to be achieved, even when using a sensing film 
of only a few tens of micrometres thick to obtain a wideband 
acoustic response at megahertz frequencies. 

Theoretical and experimental aspects of this type of optical fibre 
ultrasound sensor have previously been reported using a large (12 
mm) diameter sensor head containing a transparent water-backed 
sensing film [5]. In this Letter, a miniature (0.25mm) rigid-backed 
configuration in which the sensing film is bonded directly to the 
end of the optical fibre is described. 
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Experiment: The sensor head used is shown schematically in Fig. 
1. The optical fibre used was a 50 um core all-silica multimode 
fibre of numerical aperture 0.1 and outer diameter 0.25 mm. The 
Fabry-Perot polymer sensing film bonded to the cleaved end of 
the fibre comprised a 0.25mm diameter disk of 50um thick PET 
(polyethylene terepthaiate) with a 40% optically reflective alumin- 
ium coating on one side and a 100% reflective coating on the 
other; the two coatings form the mirTors of the interferometer. 
The sensing film was interrogated using 633 nm light from a 7mW 
He Ne laser and the reflected intensity modulation was transmit- 
ted back along the fibre for detection at a 25 MHz photodiode 
with an integral transimpedance amplifier. In the absence of a 
tunable laser source, operation close to quadrature was obtained 
by a process of trial and error. A number of optical fibre hydro- 
phones were fabricated using sections of PET sensing film cut 
from different parts of the same sheet. The slight variations in 
thickness over the area of the polymer film sheet produced a range 
of different phase biases and hence sensitivities. The optical fibre 
hydrophone that gave the highest sensitivity was assumed to have 
a thickness that resulted in a phase bias close to quadrature, and 
was used for these experiments. The short path length of the poly- 
mer film interferometer (100 urn) means that, once set at quadra- 
ture, the sensor is inherently insensitive to environmental thermal 
and pressure fluctuations giving good stability [5]. 
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The optical fibre hydrophone was inserted into a water fan k 
and positioned directly behind the active region of a calibrated, 
50 um thick. 25 MHz bilaminar PVDF membrane reference hydros 
phone of active diameter of 0.5mm (Fig. 2). A compensation 
amplifier was used to correct for any small variations in the fre- 
quency response of the membrane hydrophone, ensuring a uni- 
form response (to within ldB) up to 20 MHz. Since this type of 
hydrophone provides minimum perturbation to the acoustic field 
under measurement, it was assumed not to affect the measurement 
of the optical fibre hydrophone. A pulsed 5 MHz PZT transducer 
of 13 mm diameter was used as the ultrasound source. The separa- 
tion between the source and hydrophone was ~6crn. A 500 MHz 
digitising oscilloscope was used to capture the waveforms from 
each device. 



Fig. 3 Comparison between optical fibre hydrophone output and PVDF 
membrane hydrophone output in response to 1.3 M Pa acoustic signal 

optica) fibre hydrophone output 

PVDF membrane hydrophone output 

Results: A comparison between the output of the optical fibre 
hydrophone and the PVDF membrane hydrophone system is 
shown in Fig. 3. The sensitivity of the optical fibre hydrophone is 
114mV/MPa with an acoustic noise floor of < 15kPa over a 
25 MHz bandwidth. The corresponding sensitivity and acoustic 
noise floor of the PVDF membrane hydrophone system is 155mV/ 
MPa and 40kPa, respectively. The sensitivity of the optical fibre 
hydrophone is almost a factor of 2 higher than that previously 
reported using a water-backed polymer sensing film [5]. This is 
because the rigid-backed configuration shown in Fig. 1 produces a 
higher acoustically-induced strain in the polymer film. 

The temporal profiles of the two waveforms shown in Fig. 3 are 
in good agreement for the first two cycles of the signals. Thereaf- 
ter, the signals begin to differ in relative amplitude and phase, 
indicating a non-uniformity in the frequency response of the opti- 
cal fibre hydrophone. There are several possible reasons for this, 
(i) the thickness of the optical adhesive used to attach the sensing 
film to the tip of the fibre is sufficiently large that acoustic reflec- 
tions from the cleaved end of the fibre are significantly time- 
delayed; (ii) the sensor is not operating solely in thickness mode 
and acoustic energy is being coupled into the radial direction caus- 
ing radial resonance modes to be excited; (iii) diffraction around 
the tip of the fibre may also be responsible. Additionally, the dis- 
crepancy may be due to spatial variations in the acoustic field, the 
effect of which is related to the differing degrees of spatial integra- 
tion produced by each device due to their large differences in 
active diameters. 

A measure of the directional response of the optical fibre hydro- 
phone was obtained by altering the angle of the optical fibre to 
the incident acoustic field and computing the FFT of the output 
waveforms for three angles. The amplitude component at the 
5 MHz transducer centre frequency fell by a factor of 1.8 when the 
fibre was orientated at 45° to the incident field and by a factor of 
3.3 at 90°. Despite the large angular increments, this indicates that 
the optical fibre hydrophone has a sufficient degree of omnidirec- 
tionality to provide a useful output even when aligned orthogo- 
nally to the acoustic field. Its relatively low directional sensitivity 
is a consequence of its small active area which, to a first approxi- 
mation, is defined by the 50um diameter of the optical fibre out- 
put incident on the sensing film. 
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Conclusion; A miniature , ultrasonic opticaJ fibre hydrophone of 
small active area that has a 'sensitivity which is comparable to pie- 
zoelectric devices has been demonstrated. The frequency response 
of the system requires further investigation to determine whether 
the differences in the temporal output between the PVDF mem- 
brane hydrophone and the optical hydrophone are due to the 
experimental setup or are inherent in the design of latter. For 
practical use a tunable laser diode could be used to obtain quadra- 
ture on 'start-up* and maintain it thereafter. It is envisaged that 
this system has the potential for use in characterising the output of 
ultrasonic transducers and as a general purpose tool for the meas- 
urement and detection of ultrasound. A particular application is 
the in vivo safety-related exposure measurements of the output of 
diagnostic and therapeutic medical ultrasound equipment. Such an 
application would benefit from the small physical size, omnidirec- 
tionality, and electrical passivity that this technology has the 
potential to offer. 
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Optical add/drop multiplexer based on UV- 
written Braqq qrattnq in a fused 100% 
coupler 

F. Bakhti, P. Sansonetti, C. Sinet, L. Gasca, 

L. Mamneau, S. Lacroix, X. Daxhelet and F. Gonthier 


Indexing terms: Gratings in fibres. Op tical couplers. Multiplexing 

The authors report the first realisation of a simple and stable 
optical add/drop multiplexer based on a ITV-written Braeg grating 
in the coupling region of a fused 100% coupler. Add/drop 
Junctions are demonstrated with a low insertion loss (<ldB). 

IntrtHluction The photosensivity occurring in germanium-doped 
silica under LTV irradiation [If allows the direct and simple realisa- 
tion of grating filters in optical fibres, with low insertion loss and 
the potential tor low cost. Among them the optical add/drop mul- 
tiplexer (OADM) is a key component for future WDM networks 
A solution based on gratings in a fibre Mach-Zehnder has been 
demonstrated [2 - 4). However, these structures require several 
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UV-wnung steps to properly balance the gratings and the Dhas 
m both arms. Other designs have been proposed based on erati 
writing in the coupling region [5, 6] of polished fibre couplers b 
they do not represent a satisfactory solution to producing cat 
pact, stable, and low cost components. g 

We propose here a breakthrough in OADM technology Usii 
fused coupler technology, an OADM is developed which is ba« 
on a 100% coupler (launched light entirely exits in crossed not 
where a strong grating is UV-written in the coupling region Tr, 
novel lowloss component ofTers simple implementation a cornea 
device, as well as stable operation, since it is based on the interfe 
ence between two modes in the same guiding region, compared I 
the Mach-Zehnder configuration where the two arms are sen: 
rated. 
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Principle of operation: A grating is UV-written in the middle of th 
coupling region of a 100% coupler (Fig. 1). Light launched in por 
A is dropped in port D when reflected by the grating, while it exit 
at port C if it is not. 

OADM implementation: Because of the diameter reduction in th< 
coupling region, the grating coupling efficiency is small wher 
standard smglemode fibre is used. We thus fabricated a specia 
fibre with an index profile close to that of standard fibre bui 
designed with a portion of the cladding made highly photosensi- 
live, but still with a matched cladding configuration, for eflicieni 

coupling. 100% lossless couplers could then be manufactured [7] 

taking into account the lower softening temperature of this fibre 

as well as dopant diffusion. 

Extinction between the output ports of up to 25dB could be 

obtained. Couplers were then hydrogen soaked at 150 bar and 

ambient temperature for 3 days, the time necessary for hydrogen 

to dilTuse into the whole coupling region. 

Bragg gratings were then written in the coupling region of the 

I used couplers, using an excimer pumped dye laser with fluence 

80mJ/cm-/pulse. 

Experimental results: Resulting performances were measured using 
a tunable laser launched either in port A to study the drop proper- 
ties, or in port B for the add properties. Two devices are reported. 

A flat-top drop filter with a 1 dB insertion loss, measured by 
cutback techniques, and 20 dB transmitted channel extinction at 
the Bragg wavelength was achieved, resulting from a 8 mm long 
grating written on one side of the coupling region of a 100% cou- 
pler (Fig. 2). This filter was not phase matched for the add func- 
tion, but the result highlights the potential for high extinction 
bandpass filters, with a stable configuration. 
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Abstract 

An ultrasonic hydrophone is presented that comprises a fiber tip coated with a dielectric multilayer ^system. Two different layer 
des^s ^esdgated with respect to their suitability for sensing and their refiec^nce slope winch 

^e^ore aXantaeeons Fabry-Perot stack was experimentally implemented, and first successful measurements are described 
1!^£^^^^ with a high signa^to-noise ratio. The sensor can be used for acoustic pressure measurement 
wnh S lempoS and spatial resolution in a wide power range. © 1999 Elsevier Science B.V. All rights reserved. 

Keywords: Fiber-optic sensors: Ultrasonic pressure measurement; Multilayer interference filter 


1. Introduction 

Fiber tip sensors have proved to be useful for the 
detection of ultrasonic signals in fluids. In principle, 
they permit a high temporal and spatial resolution, and 
the measurement is not disturbed by electromagnetic 
influences. One possible method consists of using the 
cut end of a fiber placed in the acoustic field as a sensing 
element {!]. An incident pressure wave modulates the 
refractive index of the fluid in front of the fiber tip. The 
resulting variation of the optical reflectance of the 
interface between fiber and fluid can be measured by a 
simple optical detection system. This method offers a 
rather low sensitivity, which is, however, sufficient for 
the measurement of high-pressure fields as shock waves 
if high-power light sources are applied. The performance 
of the sensor can be improved by introducing optical 
interference processes, for instance by using a polymer 
film at the fiber tip as a low-finesse Fabry-Perot microin- 
terferometer [2]. Another possibility is the use of evapo- 
rated dielectric multilayer coatings [3]. The advantages 
of such a dielectric layer or layer system are the small 
sensor thickness, which allows high acoustic frequencies 
to be detected, and the simple manufacturing process 
employing standard evaporation techniques. Hard coat- 
ings are obtained that withstand even high-energy pulses. 
In contrast to other optical arrangements for ultrasonic 
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measurement, in which the end face of the fiber forms 
the mirror in one arm of a Michelson interferometer 
[4,5], the reflectance detection setup requires much less 
optical and technical effort to obtain the acoustic pres- 
sure signal. 

The simplest version of a fiber-optic hydrophone with 
dielectric coating consisting of only one high-index 
quarter-wave layer was already employed for shock 
wave measurements [3]. In this paper, the use of multi- 
layer coatings is considered, that take advantage of 
multipass interference effects for detecting low-intensity 
ultrasonic signals with high signal-to-noise ratio. Two 
different layer systems are theoretically investigated: the 
mirror design and the Fabry-Perot or interference filter 
design. Since the latter provides higher sensitivity, it was 
experimentally realized and the performance was suc- 
cessfully tested in first measurements of ultrasonic pulses 
with the multilayer hydrophone. 


2. Principle of operation and sensor design 

Ultrasonic pressure measurement using the multilayer 
hydrophone is based on the elastic deformation of the 
layer system by an incident acoustic wave and the 
detection of the induced change in optical reflectance. 
A system of N non-absorbing layers on a fiber tip and 
assume normal incidence of the light with intensity J in 
from the side of the fiber (Fig. 1) is considered. 
Polarization effects may be negligible. The reflected fight 
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Fig. I. Design of the fiber-optic multilayer hydrophone; 0: fiber tip, 
1,..., A T : dielectric layers, N+ 1: fluid, S: acoustic pressure signal. 

intensity / rcf results from the interference of all reflected 
fields including multiple reflections. The intensity reflec- 
tance R of the multilayer system, defined by R—I nC /l m ^ 
is determined by the physical thicknesses d t and the 
refractive indices n t of all individual layers (i = N) n 
the indices of the fiber n 0 and the fluid n N + l and the 
free-space optical wavelength A. Three processes lead to 
a significant change in reflectance AjR of the multilayer 
sensor responding to a variation of the acoustic pressure 
Apt in the rth medium: the change in layer thicknesses 
(/ =!,-••, N) [3] 


(1) 


the variation of the refractive indices of the layers and 
the fiber Am, (i=0, N) [3,7] 


An, « 


03A Pi 


(2) 


and the modulation of the refractive index of the fluid 
in front of the sensor [1] 

An N + 1 ftl.4xl0~ 4 A/? N + 1 tMPa] (3) 

where p t and v ( denote the density and the sound velocity 
of the rth medium. The dependence of the reflectance 
on the pressure signal can be assumed to be linear for 
a given layer design, since the variation of layer thick- 
nesses is small compared with the optical wavelength in 
most practical cases. 

To detect low-intensity ultrasonic signals with a high 
signal-to-noise ratio, a large reflectance slope 

\D\ = \AR/Ap\ 

is necessary. This can basically be achieved by large 
layer thicknesses, because a thicker layer is deformed 
by the same pressure Ap to a larger amount Ad relative 
to X (Eq. (1)), resulting in a larger change in the phases 
of the interfering optical waves. However, the overall 
thickness of the sensor must be small compared with 
the acoustic wavelength in the sensor to avoid the signal 
to be measured being blurred. Since the sensor should 
provide a large detection bandwidth, layer systems com- 
bining a small overall thickness with a high value of |D| 
are of interest. In the following, two different layer 
designs are investigated with respect to their maximum 


| \AR/Ap\ }. 


A»ax=max <[ \AR/Ap\ 

nd 

There are two different methods to evaluate a multi- 
layer system and to determine the reflectance R: the 
matrix formalism and the recursion method [6]. In our 
calculations the second method is applied, which is easy 
to implement because of the successive character. In the 
first step the complex Fresnel coefficients of the two- 
interface system formed by the front and rear side of 
the first layer (i = l) are calculated, taking all multiple 
reflections into account. Then this two-interface system 
can be considered as one interface described by two 
complex reflectivity and transmission coefficients, and 
in the next step this interface is analyzed together with 
the interface between the second and the third layer. 
This procedure is repeated until the whole layer system 
is evaluated [3]. 

The first design considered consists of alternating 
high- and low-index layers of equal optical thickness 
n4v This assembly is well known, for instance from its 
application as a high-reflecting mirror. In this case the 
optical thicknesses are adjusted to n % d t whereas in 

our application as a pressure sensing element the best 
performance, i.e. the highest \D\ = | AR/Ap\ will be 
obtained if optical thicknesses are chosen between A/4 
and 3A/8, depending on the total number of layers N. 
In Fig. 2 the reflectance in dependence on the layer 
thickness for the example of a 15-layer mirror system is 
shown. jDmax is found at that edge of the stop band 
which belongs to the thicker layer. 

The second multilayer design taken into consideration 
is known as all-dielectric interference filter [8] or 
Fabry-Perot filter. A first-order interference filter con- 
sists of A/4 layers and a doubled layer in the middle of 
the stack. In this way two high-reflecting subsystems are 
obtained that are separated by a central A/2-spacer layer. 
Spacer layers with multiples of A/2 as optical thickness 



3^8 


Fig. 2. Reflectance R of a 1 5-layer mirror and a 1 5-layer Fabry-Perot 
system (spacer: /i 8 <4 = 2/i,rf,) in dependence on the optical thickness 
rtfdi of all layers; n Hifti = 2.1, 1^ = 1.48, 1.48, = 1.329; points 
of maximum \D\ « \AR/Ap] for mirror (•) and Fabry-Perot sensor (■). 
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can also be used (higher-order interference filters). In 
comparison to the mirror system with the same number 
of layers, the reflectance curve /i("t4) of a first-order 
interference filter design shows a broadened high-reflec- 
tance region with slightly reduced peak reflectance and 
an additional narrow transmission band (Fig. 2). For 
the Fabry-Perot sensor design the point of maximum 
}Z>| = |A#/A/>| is located at the edge of this central 
transmission band. 

A comparison of Z) max of the two layer designs 
investigated is shown in Fig. 3. The reflectance slope 
rises with increasing total layer number N of the sensor. 
A 15-iayer Fabry-Perot system offers a value approxi- 
mately 300 times higher than that of the uncoated fiber 
tip sensor (D max ==5.4 x 10~ 6 /MPa). For layer numbers 
N larger than 5, where the multi-interference process 
prevails over the effect of index modulation in the fluid, 
the Fabry-Perot system provides a larger reflectance 
slope than the mirror system for a given N. The higher 
the layer number, the larger the difference. Further 
calculations show that the use of higher-order 
Fabry-Perot systems do not yield better results. For 
instance, a spacer thickness of X instead of A/2 for a 
second-order system leads to less improvement than the 
addition of another two A/4 layers to the mirror subsys- 
tems, which results in a similar overall thickness of the 
sensor. Thus, an increase in the finesse of the 
Fabry-Perot system due to higher reflectances of the 
mirror subsystems provides a larger improvement of 
Z> max than a simple increase in sensor thickness. It should 
be noted that for very large layer numbers, deviations 
from these theoretical results are expected, because light 
losses due to the beam divergence at the fiber tip and 
to scattering at inhomogenities within the layers may 
not be ignored. 

For the choice of the optimum design, the simplicity 
of the technical implementation is an important crite- 
rion. Since sample variations during the evaporation 
process are not completely avoidable, the effect of 
deviations of single layer thicknesses on the sensor 
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Fig. 3. Maximum reflectance slope /> mJlx vs. total layer number N of 
mirror and Fabry-Perot systems (refractive indices as in Fig. -2). 


characteristics should be considered. The reflectance of 
the mirror subsystems at the high reflectance plateau is 
quite insensitive to small thickness deviations, and the 
finesse of the Fabry-Perot filter is therefore changed 
only to a very small extent, whereas thickness deviations 
in the mirror system used at the edge of the stop band 
show much larger effects. In Fig. 4(a) the change in 
Z> max caused by a deviation of + 5% in the ith individual 
layer thickness is shown for both 15-layer systems in 
dependence on the number i of the modified layer. 
Obviously, also in view of the simplicity of manufacture, 
the Fabry-Perot system is the preferable design, because 
thickness errors cause lower deviations of D mzx . 

A change in one layer thickness relative to the others 
has the second effect that D mJlx is found at a slightly 
different thickness of all layers compared with the undis- 
turbed design. In other words, to achieve the largest \D\ 
of the modified system (shown in Fig. 4(a)) a different 
optical wavelength X is necessary ( Fig. 4(b)). In particu- 
lar, the wavelength deviation AA is large for a thickness 
deviation of the spacer layer of the Fabry-Perot system, 
so special care must be taken when the spacer is depos- 
ited The wavelength shift can be coped with to a certain 
degree if a tunable light source is used, for instance a 
temperature-tuned laser diode. 

Fig. 4(a) shows that Z> max of the mirror system will 
slightly increase if the layers with /=6,...,11 are thicker 
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Fig. 4. Deviation of the maximum reflectance slope (a) and of the 
optimum wavelength (b) caused by a + 5% deviation in the ith layer 
thickness for 15-layer mirror (dotted line) and Fabry-Perot system 
(solid line). 
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than the others. This may indicate that the performance 
of the system can be improved by refinement of the 
individual thicknesses, but the manufacture of such a 
multilayer coating is much more sophisticated. It can 
also be observed in Fig. 4(a) that the Fabry-Perot 
system can be improved to a very small extent if the 
integer ratio of 2 between mirror subsystem layers and 
spacer is dropped and a slightly thicker spacer is used. 
Thereby a system with exactly A/4 layers is built in order 
to achieve the highest possible reflectance of the mirror 
subsystems resulting in the highest finesse of the 
Fabry— Perot, and with a spacer thickness of slightly 
more than A/2 to set the system to the edge of the 
transmission band. In the system with the exactly 
doubled spacer, the high-reflecting layers were slightly 
thicker than X/4 at the point of maximum D (Fig. 2), 
and this common interference filter design may also be 
used, since the difference in Ana* * s verv small. 


3. Experimental realization, results and discussion 

For a first experimental implementation of a fiber- 
optic multilayer hydrophone, a 15-Iayer Fabry-Perot 
system (physical thickness of the whole sensor: 
~1.4um) was deposited on a cut fiber tip using the 
sputtering technique for a robust coating. Both, 
multimode and single-mode fibers were used. Standard 
deposition materials were evaporated: the high-index 
material was Nb 2 0 5 (n = 2.3), the low-index material 
Si0 2 («=1.48). First, white light was coupled into the 
fiber and the spectral transmission of each sensor was 
measured by a grating spectrometer. The optical wave- 
length for acoustic sensor operation was determined at 
the transmission band edge in the spectrum obtained. 
For each sensor an individual operating wavelength was 
found because of systematic and random deviations in 
the evaporation process. The measured full-width-at- 
half-maximum value (FWHM) of the transmission band 
of approximately 8.5 nm indicating the finesse achieved 
for the Fabry-Perot system is in good agreement with 
the calculation. 

The sensor was then put in the focal region of a 
focussing broadband transducer ( K. Deutsch, 4 MHz, 
lens diameter: 20 mm, focal length: 30 mm), which was 
driven by a pulse generator (peak voltage: 350 V, repeti- 
tion frequency: 300 Hz). The beam of a temperature- 
tuned laser diode (X = 636.5 nm, output power: 5 mW) 
was coupled into the fiber arid the reflected light was 
detected by a balanced photodetection system (Fig. 5). 
The induced photocurrent is transformed by a transim- 
pedance amplifier into a signal voltage acquired by a 
digitizing oscilloscope. 

Fig. 6 shows the result of a measurement using the 
multilayer hydrophone. By averaging of some pulses the 
signal-to-noise ratio (SNR) was improved (single pulse: 



Fig. 5. Experimental setup for ultrasonic pressure measurement; LD: 
laser diode, ISO: optical isolator, BS: beam splitter, PD: pbotodiode, 
A: trans impedance amplifier, SMF/MMF: single-/multimode fiber, 
MS; multilayer sensor, BBT: broadband transducer, PG: pulse 
generator. 


-multilayer hydrophone 
- needle hydrophone 



Fig. 6. Acoustic pressure p vs. time / measured with a multilayer 
hydrophone (30-pulse-averaged) and a PVDF needle hydrophone. 

SNR«12dB, 30-pulse averaged signal: SNRw29dB, 
detection bandwidth: ~25 MHz). The intensity noise is 
mainly caused by back-reflections into the laser diode 
due to insufficient optical isolation. 

The multilayer hydrophone signal was scaled using 
the theoretically found reflectance slope of |D| = 
1,8 x 1(T 3 /MPa (Fig. 3). The comparison of the signal 
amplitude with that obtained by a calibrated piezo- 
electric needle hydrophone (Fig. 6) shows fairly good 
agreement and confirms the reflectance slope of the 
multilayer hydrophone theoretically expected. The focal 
region of the ultrasonic transducer has a lateral FWHM 
of approximately 0.8 mm and the needle hydrophone 
has a sensing element 0.6 mm in diameter. Thus, the 
needle hydrophone signal was corrected by a factor of 
1.19 to compensate the spatial integration [9].* 

Comparing the two time waveforms it can be seen 
that the multilayer hydrophone signal is modulated by 
additional oscillations (f^23 MHz) induced by acousti- 
cal resonances of the fiber and acoustical diffraction 
phenomena at the sensor tip. Measurements with other 
fiber-optic hydrophone configurations also show such 
oscillations, but their exact origin is not yet completely 
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understood [9]. The frequency shift of the time wave- 
form is caused by the non-uniform frequency character- 
istic of the sensor. Similar results were obtained in 
measurements with sensors using a low-finesse cavity at 
the fiber tip [2, 10]. The correct waveform can be calcu- 
lated using the transfer function to be determined by a 
separate calibration procedure [9]. 

The multimode fiber sensor furnished similar results. 
The signal amplitude was a litde smaller, perhaps 
because of increased losses due to the larger beam 
divergence at the end of the fiber, and the noise was 
reduced due to lower backscattering into the laser diode. 
The larger core diameter of the multimode fiber 
(multimode: -50 um, single-mode: -3.5 urn) leads to 
spatial averaging and therefore to a decreased spatial 
resolution of the sensor, while the optical alignment 
is easier. 


4. Conclusions 


be reduced by the use of a polarizing beam splitter and 
a fiber-optic polarization controller. 

The multilayer hydrophone can be applied for solving 
many ultrasonic measurement problems in the whole 
power and frequency range. It has a high durability and 
combines high spatial and temporal resolution with high 
sensitivity. The small sensor dimensions provide an 
undisturbed measurement, for example in ultrasonic 
resonators. Shock wave characterization, measurement 
of high-power ultrasound with low frequencies for tech- 
nical applications, low-intensity signals from diagnostic 
devices, or ultrasound fields with tens of MHz for the 
inspection of matter are potential fields of application 
for this new sensor type. 
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A fiber-optic multilayer hydrophone was presented. 
The principle of measurement is based on the deforma- 
tion of the layer system by an incident wave and the 
detection of the induced change in optical reflectance. 
Two different multilayer systems were theoretically 
investigated for use as ultrasonic pressure sensors. The 
Fabry-Perot assembly shows some advantages concern- 
ing the sensitivity and the simplicity of the manufactur- 
ing process and was experimentally implemented. A first 
measurement of ultrasonic pulses with a multilayer 
hydrophone was presented for the frequency region of 
some MHz. A signal-to-noise ratio of about 29 dB was 
achieved in the measurement of low-intensity signals, 
and improvement should be possible by better isolation 
of the laser diode. Signal losses in the optical setup can 


References 

[1] J. Staudenraus, W. Eisenmenger, Ultrasonics 31 (1993) 267 
[2] P.C. Beard, T.N. Mills, Electon. Lett 33 (1997) 801. 
[3 J Ch. Koch, Ultrasonics 34 (1996) 687. 

[4] W. Menssen, W. Molkenstruck, R. Reibold, Proc. Ultrasonics 
Int. 91 (1991) 347. 

[5] Ch. Koch and R. Reibold, World Congress on Ultrasonics 95 
Berlin, 1995, paper 4-16:00-7. 

[6 J H.A. Macleod, Thin Film Optical Filters, Adam Hilger Ltd Bris- 
tol, 1986, Chapter 2. ' 

[7) CD. Butter, G.B. Hocker, Appl. Opt. 17 (1978) 2867. 

[8] H.D. Polster, J. Opt. Soc. Am. 42 (1952) 21. 

[91 Ch. Koch, G. Ludwig, W. Molkenstruck, Ultrasonics 35 (1997) 
297. ' 

[10] AJ. Coleman, E. Draguioti, R. Tiptaf, N. Shotri, J.E. Saunders, 
Ultras. Med. and Biol. 24 (1998) 143. 


norm- <-yp aika/loo^ i «. 


(3 


Optical multilayer detection array for 
fast ultrasonic field mapping 

XP-000973108 

V. Wilkens and Ch. Koch 

Labor 1.43, Physikalisch-Technische Bundesanstalt, PF 3345. D-3B023 Braunschweig. Germany 


PD- 01-08- l*W^ 



3 


Received April 7, 1999 

An optical multilayer detection array for ultrasonic measurements is presented. The probe comprises a 
dielectric interference filter structure that is evaporated onto a glass plate. An incident acoustic pressure 
signal deforms the layer system, and the induced modulation of the optical reflectance is determined by a 
simple optical detection scheme. The principle of measurement is demonstrated by a line scan through the 
focus of a broadband transducer and can be applied to rapid two-dimensional characterization of ultrasonic 
fields. The high temporal and spatial resolution of the measurements is combined with high sensitivity and 
durability of the probe, and, in contrast with fiber-tip multilayer hydrophones, the multilayer detection array 
provides signals that are not influenced by. acoustic resonances and diffraction phenomena. © 1999 Optical 
Society of America 

OCIS codes: 110.2970, 110.7170, 120.4640, 170.3880, 230-4170. 


Successful use of optical dielectric multilayer struc- 
tures evaporated onto fiber tips as ultrasonic sen- 
sors with high spatial and temporal resolution has 
been reported. 1 * 2 Acoustic pressure measurement is 
based on elastic deformation of the layer system by 
an incident sound wave and detection of the induced 
modulation of the optical reflectance. A serious disad- 
vantage of fiber-optic sensors is the strong influence of 
acoustic resonances and diffraction phenomena on the 
obtained waveforms. This influence depends on the 
sensor size, which is of the same order of magnitude 
as the acoustic wavelength if ultrasound in water at 
— 10 MHz is being investigated. In this Letter, reduc- 
ing the disturbance of the measured signal that is due 
to these effects »by use of the concept of an enlarged 
acoustic probe is considered. A glass plate 30 mm in 
diameter is coated with a dielectric multilayer Fabry— 
Perot system. The reflectance modulation is deter- 
mined by use of a free-field laser beam, and focusing 
offers high spatial resolution. The position and the 
spot size of the laser beam define a single element 
of a detection array, and one can investigate two- 
dimensional ultrasound pressure fields by shifting the 
spot. This optical scanning procedure can be per- 
formed comparatively fast because light beams are 
moved instead of mechanical elements that must be 
shifted when one is scanning with Common single- 
element hydrophones. 

Ultrasonic detection arrays that combine high spa- 
tial and temporal resolution are of interest not only 
for characterization of transducers but also for high- 
frequency ultrasound pulse-echo imaging systems, 3 
With increasing ultrasound frequency, leading to 
higher image resolution, the array element spacing 
and, as a consequence, the element size must be 
reduced. Although some progress has been made, 
it seems to be difficult to manufacture piezoelectric 
arrays with element spacing in the micrometer range, 
wide bandwidths, and large apertures and simul- 


taneously to ensure acoustic and electric isolation 
of the small elements. 4 Since optical measurement 
te chniq ues avoid these problems, they are an interest- 
ing alternative to electrical systems, and the optical 
multilayer detection array in particular offers a simply 
solution. u ^ 
The implemented multilayer system consists of 19 
dielectric layers with alternating refractive indices^of* 
n - 2.3 (Nb20 5 ) and n - 1.48 (Si0 2 ) (Fig. 1). I18F 
Fabry— Perot or interference filter structure, which ia. 
a well-suited design for use as a pressure-sensing ete|| 
ment, 2 comprises a central A/2 spacer layer and twb v 
highly reflecting subsystems, both of which consist 
of nine A/4 layers. By use of the sputtering tech?;; 
nique, a robust coating is obtained that can be used 
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Fig. 1. Experimental setup for ultrasonic pressure 
measurement with a multilayer detection array and 
(inset) a magnified schematic of the multilayer structure: 
LD, laser diode; ISO, optical isolator; BS, beam splitter; 
PD, photodiode; A, transimpedance amplifier, SCOPE, 
oscilloscope; OSM, optical scanning me chanis m; BBT, 
broadband transducer; PG, pulse generator; ffs, high-index 
A/4 layers; L's, low-index A/4 layers. 
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■ without swelling of the layers. The . overall 
in %va € sC 0 f the multilayer system has to be small com- 
l ** iC *A with the acoustic wavelength of the signal to 
P a sured. To obtain a large acoustic bandwidth 
be me * st r educe the thickness of the system to a few 
° nt? "meters because, for instance, the wavelength in 
r,liCr ° nsor medium at a frequency off = 100 MHz is 
th ° ^vimately 56 p,m. The 19-layer stack provides a 
apP Lness of d « 1-9 Mm. The sensitivity of the assem- 
thlC an be expressed in terms of the reflectance slope 
W x^/Ap, where Ai? denotes the change in optical 
D sity _ re f lectance of the layer system that is caused 
inte ^riation of the acoustic pressure A p of an incident 
°>' v soun d wave. D can be calculated by use of mul- 
\ T ver theory, taking into account the pressure depen- 
p of the individual layer thicknesses and refractive 
H ces and the modulation of the refractive index in 
«/«ter beneath the sensor. For the 19-layer system 
theoretical value of D - 4.3 X 10^/MPa is found for 
3 1 ser wavelength at the edge of the central transmis- 
1 n band of the interference-filter system. 2 Covering 
# h°e upper surface of the substrate of the detection ar- 
v with glycerin suppresses optical standing waves in 
'he riass plate, which is not antiref lection coated. An 
oortant advantage of the multilayer detection array 
^its simple and moderate-priced manufacture. The 
deposition of the layer system can be directly controlled 
during the evaporation procedure by monitoring of, for 
nstance, the reflectance. This common technique for 
oroducing optical multilayer structures such as inter- 
ference filters, laser mirrors, or antireflection coatings 
is more difficult and expensive to apply in the case of 

fiber tips. m ■ * ■ 

The experimental setup for ultrasonic field map- 
ping with the multilayer detection array is shown in 
Fig 1. The probe is placed on the surface of the 
fluid in the focal plane of a broadband transducer 
tK. Deutsch GmbH; 3-12 MHz; lens diameter 12 mm, 
focal length 50 mm) excited by a pulse generator (peak 
voltage 350 V, repetition rate 300 Hz). The beam of 
a temperatanre-tuhed and optically isolated laser diode 
i A = 672 nm, output power 10 mVT) passes a beam 
splitter and a mirror and is focused on the fixed 
multilayer system. The spot size and position define 
the single array element, and the detection array is 
emulated by shifting of the spot by use of, for instance, 
Bragg cells or high-speed mechanical scanners. For 
the first experiments the laser spot was positioned 
manually by translation of the mirror together with the 
focusing lens with a micrometer screw. In this way a 
line scan could be performed. The reflected light is de- 
tected by a photodiode, and the induced photocurrent 
is transformed by a transimpedance amplifier into a 
signal voltage that is acquired and stored by a digitiz- 
ing oscilloscope. M 

The performance of the device is shown by a mea- 
surement at a single position in the center of the focal 
region of the transducer. In Fig. 2 the obtained time 
waveform of the ultrasonic pressure pulse is shown 
'20 pulse averaged). In addition, the pressure wave- 
forms that are received by a calibrated piezoelectric 
membrane hydrophone (Marconi IP038; single pulse) 
and by a 19-layer fiber-optic hydrophone (20 pulses 


averaged) are depicted. The pressure signals are cal- 
culated from the measured signal voltages by use of 
the theoretically found reflectance slope D for both of 
the optical detection systems and the calibration fac- 
tor in the case of the membrane hydrophone. The spa- 
tial integration of the different-sized sensor elements 
is compensated for by correction factors. 5 Comparing 
the waveforms shows very good agreement between 
the multilayer detection array and the membrane 
hydrophone measurement, but the sensitivity of the 
multilayer detection array obviously is -20% less than 
expected from the theory. This deviation may be 
caused by an error in the experimental determination 
of the laser wavelength for optimum operation of the 
multilayer system 2 or by an incorrect description of 
the elastic and elasto-optic properties of the sputtered- 
layer media. 1 The signal-to-noise ratio is —32 dB for a 
single pulse and -50 dB for the 20-pulse-averaged sig- 
nal at a detection bandwidth of -25 MHz, which leads 
to minimum detectable pressure amplitudes (signal- 
to-noise ratio, 1) of -80 and -10 kPa, respectively. 
The fiber-optic multilayer hydrophone signal (Fig. 2) 
shows characteristic deviations from the other wave- 
forms that were obtained, i.e., a frequency shift and 
additional oscillations {f ~ 23 MHz) caused by acous- 
tic resonances and diffraction phenomena at the sen- 
sor tip. Significantly, these effects do not occur with 
the multilayer detection array because of the enlarged 
probe size. The finite thickness of the glass plate of 
—2.4 mm leads to acoustic reflections that disturb the 
signal —0.85 p.s after the leading edge of the pulse, and 
for longer undisturbed measurements a thicker glass 
plate has to be used. 

The s cannin g operation mode of the multilayer de- 
tection array was demonstrated by performance of a 
line scan in the focal plane of the transducer as a first 
test. The laser spot was shifted in steps of 0.25 mm 
over a distance of 4.5 mm. At each position the time 
waveform was detected, and the results are depicted as 
a pseudo-three-dimensional plot in Fig. 3, which shows 
the lateral structure of the acoustic field in the focus 
region of the transducer. For the FWHM of the posi- 
tive pressure peak a value of — 1.2 mm was obtained. 
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Fig. 2. Acoustic pressure p versus time *, measured with 
the multilayer detection array, a polyvinylidene fluo- 
ride membrane hydrophone, and a fiber-optic multilayer 
hydrophone. 
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Fig. 3. Line scan in the focal plane of the trans- 
ducer: normalized pressure signal p/p max versus time t 
at different positions x. 


tfr'"* PDA 

X ^MLA 


LD 


ISO 


MS 


PG 


BS 


BBT 


Fig. 4. Optical arrangement for the parallel acquisition 
of the spatial ultrasound pressure field: PDA, photo- 
diode array; MLA, microlens array; other abbreviations as 
in Fig. 1. 

Automation of the scanning mechanism, which con- 
tains only a few mechanical moving elements, or in the 
case of beam deflection with Bragg ceUs none, together 
with automatic data acquisition would permit rapid in- 
vestigation of two-dimensional ultrasonic fields. Also, 
parallel evaluation at different sensor points can be 
realized with the multilayer detection array, which 
would lead directly to a one- or a two-dimensional im- 
age of the ultrasound field. The whole detection ar- 
ray is illuminated by a collimated laser beam from 
a high-power laser diode (Fig. 4). The single photo- 
diode (Fig. 1) is replaced with an array of microlenses 
and photodiodes. Each lens defines one array element 
according to the imaging geometry. The photodiode 
signal can be fed into a multichannel data-storage sys- 
tem. Data acquisition is more sophisticated than in 
the scanning operation mode, but this technique would 
offer simultaneous two-dimensional characterization of 


single-event ultrasonic fields. For the investigation of 
repetitive ultrasonic fields an alternative to the scan- 
ning operation and the photodiode array may be the 
use of a CCD camera together with a pulsed laser diode 
that again illuminates the whole multilayer detection 
array. The laser diode is triggered by a pulse genera- 
tor that excites an ultrasonic transducer, and a CCD 
camera detects an image of the ultrasonic pressure 
distribution at the moment of laser illumination. By 
sweeping the delay time between the trigger pulse and 
the illuminating pulse from CCD frame to CCD frame, 
one can obtain a time signal if a sequence of acquisi- 
tions is evaluated. Problems may be caused by this 
setup because of the relatively high dc part of the light 
compared with the acoustically induced modulation of 
brightness, since the resolution of CCD sensors in com- 
bination with common image-processing electronics is 
not as high as that of photodiodes. 

An optical multilayer detection array has been de- 
scribed that has the potential for fast two-dimensional 
measurements of ultrasonic pressure fields by optical 
scanning techniques. The operation of the system was 
demonstrated in a first measurement at a single posi- 
tion of the sound field, and the result was compared 
with the signal from a calibrated polyvinylidene fluo- 
ride membrane hydrophone. The obtained time wave- 
forms of both systems showed very good agreement, 
whereas the pressure signal detected with a fiber- 
optic multilayer hydrophone showed characteristic 
deviations that were due to acoustic resonances and 
diffraction phenomena. A line scan was performed to 
demonstrate the operation mode of field mapping with 
the multilayer detection array. Different proposals 
were made to develop further an experimental setup 
that allows simultaneous data acquisition in one wir 
two dimensions. Besides the characterization^^ 
ultrasonic transducers, the described technique can 
be applied, for instance, to nondestructive testing of 
inhomogeneous or porous materials by use of ultra- 
sound transmission. High spatial resolution and wide 
bandwidth make the system suitable for ultrasound 
pulse-echo imaging systems at high frequency. 

The authors thank the Deutsche Forschungsgemein- 
schaft for financial support of this work. V. Wilkens's 
e-mail address is volker.wilkens@ptb.de. 
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Abstract 

This review was compiled as part of a project to formulate a UK strategy for the development and standardisation of 
measurement methods for high power/cavitating ultrasonic fields. It reviews the scientific literature relating to various methods of 
measuring high power fields which have been developed for application in health care, sonochemistry and industrial .^rasomcs 
and compares these methods in terms of attributes such as spatial resolution, bandwidth and sensitivity. Crown Copyright © 1997 
Published by Elsevier Science B.V. 
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1. Introduction 

This literature review of high power field measurement 
techniques was compiled as part of a six-month project 
for the UK Department of Trade and Industry entitled 
Study to Review Progress, Identify Measurement 
Methods and Address Implementation for Remote and 
Local Sensing Methods for the Measurement of High 
Power/Cavitating Ultrasonic Fields. The review was 
undertaken in April 1996 and was carried out by the 
National Physical Laboratory (NPL). The objective of 
this report was to review the state of technical progress 
in measuring high power ultrasonic fields as revealed in 
the open scientific literature. The findings have been fed 
into a final project report [1] which provides recommen- 
dations on an implementation strategy for future devel- 
opments in this* area. 

LL Background 

High power ultrasonic fields are used in a number of 
diverse application areas, which are described briefly in 


* Corresponding author. Tel: (+44) 181 943 6365; Fax: (-4-44) 181 943 
6161; e-mail: mark.hodnett@npl.co.uk 


Section 1.2. Measurement methods for these high power 
fields are important for reasons of safety, for example 
in monitoring output levels of ultrasonic Iithotripters in 
medicine, and also in device and process monitoring, 
for example in ultrasonic cleaning. Currently, there are 
few well-documented, traceable measurement methods 
for high power ultrasonic fields. 

Initially, the development of measurement techniques 
was driven by the medical applications of ultrasound, 
amid concerns over the safety of exposure levels from 
diagnostic and therapeutic equipment devices which 
generally operate at acoustic frequencies in the mega- 
hertz range [2]. Standard techniques have been estab- 
lished for the measurement of low power ultrasound, 
centred on the medical field [3-6]. Indeed, declaration 
of the levels of the acoustic output parameters of medical 
equipment is now in itself a requirement [7]. In the high 
power arena, this applies specifically to Iithotripters. 
Thus, there is an explicit need for standardised measure- 
ment techniques suitable for measuring the acoustic 
parameters of high power ultrasound fields, using cal- 
ibrated instrumentation. 

Extension of the standards infrastructure to include 
high power fields requires an initial assessment of current 
techniques, and an evaluation of their suitability for 
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development as standard high power field characterisa- 
tion methods. Reviews of measurement techniques 
aimed specifically at the medical field have been pub- 
lished [8,9], but there are comparatively few similar 
articles applicable to other applications [10]. 

Measurement . of the output levels from medical 
devices is made easier by the fact that many systems 
operate in pulsed or toneburst modes. In interpreting 
measurements of medical fields, it can be assumed that 
free-field conditions apply. This is generally not the case 
for high power systems, which normally operate in 
continuous wave modes, and in which the environments 
are strongly reverberant. Increasingly, knowledge of the 
spatial dependence of these ultrasound fields is becoming 
more crucial. This is reflected not only in medical 
applications, where such concerns have been prevalent 
for some time, but also in applications such as ultrasonic 
cleaning, where some regions in a typical bath will clean 
better than others, and in sonochemistry, where knowl- 
edge of reaction locality will almost certainly lead to 
users and manufacturers being able to address the issue 
of scale-up on a more informed level. 

7.2. Application areas 

High power ultrasound is utilised in a broad range of 
applications, and the review of current field measure- 
ment techniques was undertaken in relation to these. 
Fig. 1 presents an overview of these applications. 

Defining the term 'high power' is not trivial. It is 


easiest to consider high power fields as those which 
utilise cavitation to produce some desired effect, in 
other words, in this review, we are concerned with 
measurement techniques that can, or could be enhanced 
to, measure acoustic parameters in cavitating fields. In 
water, the threshold of cavitation can be as low as 
1 bar ( 10 s Pa) of excess pressure, a level well within the 
range of many ultrasound systems, although this 
threshold is dependent also on the frequency, the 
nature of excitation, and physical conditions such as 
temperature and dissolved gas content. Fig. 1 illustrates 
a range of applications that either use or can generate 
cavitation. It would appear thai high power fields can 
range in pressures from lOkPa to over 100 M Pa, 
depending on the frequency and the number of cycles 
per pulse. 

High power ultrasound fields can be extremely difficult 
to characterise, often because of the cavitation events 
occurring. Not only can the cavitation activity cause 
damage to the measuring sensor being used, but the 
bubble populations generated can also scatter the acous- 
tic signal produced by the source under investigation. 
Furthermore, the oscillating bubbles present will pro- 
duce their own acoustic signatures, and resolving these 
from the signal produced by the source can be a complex 
process. The monitoring of cavitation itself is addressed 
in an accompanying literature review carried out by 
the Institute of Sound and Vibration Research, 
Southampton, UK (ISVR) [11], and the techniques 
described will not be repeated here. 
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Fig. 1. Applications of high power ultrasound fields. 
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1.3. Important acoustic parameters 

This review deals with those measurement techniques 
which have been applied to the characterisation of the 
acoustic field properties of high power cavitating ultra- 
sonic fields. It will be clear that, for a number of reasons, 
the review has leant heavily on the progress made in the 
area of medical ultrasonic field measurements. In this 
area, the high power cavitating fields encountered are 
those produced by extracorporeal shock-wave lithotript- 
ers along with some surgical devices and many of the 
techniques cited in the review have been drawn from 
these applications. 

It is appropriate firstly to consider which specific 
acoustic field parameters are important in characterising 
a high power ultrasound system and in so doing we will 
ignore the influence of cavitation. Cavitation bubbles 
produced in the acoustic field will scatter the ultrasound 
and will themselves act as additional sources of sound, 
giving rise to a complex, time-dependent pressure distri- 
bution of the acoustic field. It is appropriate here to 
comment briefly on potential methods which may be of 
use in the suppression of cavitation, enabling quasi free- 
field characterisation of the field to be attempted. 
Viscous fluids or water of extremely high purity (thereby 
containing a low concentration of nucleation sites) could 
be used as propagation media of increased tensile 
strength. Alternatively, the application of high static 
pressures to the propagation medium may be used to 
increase its cavitation threshold. However they are made, 
such measurements undertaken in the absence of cavita- 
tion would provide information regarding the pressure 
distribution under specified test conditions, but these 
conditions (change of fluid, nucleation site concen- 
tration, application of increased pressure) may not relate 
simply to those experienced during a high power 
application. 

Here, we will restrict ourselves to considering the 
acoustic properties of high power systems, such as 
ultrasonic cleaning baths or sonochemical reactors, 
which will normally produce a strongly reverberant 
environment. Ideally, we would wish to measure or 
monitor a quantity which is directly related to the 
process being facilitated by the ultrasound, so that the 
process may be manipulated or controlled in a precise 
fashion. In practice, this assumes a knowledge of the 
basic mechanisms surrounding the process and in most 
areas in which high power ultrasound is applied,, this 
knowledge is still developing. In its absence, the most 
appropriate approach is to determine a range of acoustic 
field parameters which it is felt may influence or affect 
the process in question. 

Principal amongst these must be the acoustic pressure 
generated in the field. Techniques used for determin- 
ing pressure are given in Section 2 where the perform- 
ance of various types of hydrophone is discussed. 


Additionally, Section 2.1.5 provides examples of high 
power ultrasound systems to which hydrophones have 
been applied. Under nonlinear conditions the peak 
rarefactional pressure may differ from the peak congres- 
sional pressure, but here we will assume that the pres- 
sures generated in the propagation medium are 
sufficiently low for nonlinearities to be ignored. We can 
associate this pressure p, with a particle velocity, u. The 
acoustic intensity, /, which gives the average rate of 
energy flow through unit area normal to the propagation 
direction, is given by 

/=</w>« = |pwd/ 

where < > signifies a time average and the limits of 
integration are taken over one acoustic cycle. The acous- 
tic intensity is a vector quantity but in a plane pro- 
gressive wave, where the pressure and particle velocity 
are in phase, the intensity is given by 

where p 0 and c are the density and propagation velocity 
of ultrasound in the medium respectively. This relation- 
ship between pressure and intensity also holds in the 
transducer far field. In a reverberant field, typically 
encountered in ultrasonic cleaning and sonochemical 
applications, the pressure and intensity will vary strongly 
with position, due to the presence of standing waves set 
up within the enclosure. This standing wave pattern, 
and therefore the measurements of pressure or derived 
intensity, will be very sensitive to the effects of temper- 
ature and the liquid level of the cleaning bath. It is not 
clear whether a knowledge of the intensity vector is 
relevant in the characterisation of such systems. A more 
appropriate parameter for such systems may be the 
acoustic energy density. Comprised of both potential 
and kinetic energy contributions, the instantaneous 
acoustic energy density, ^ is given by 

The time-averaged energy-density, c, is derived by integ- 
rating this expression over one period of the wave. 
Again, assuming plane-wave conditions, the time- 
averaged energy density is given, by £=?/> 2 /(2p 0 ^ 2 ) or 
£ = //c. The discrete thermal probes dealt with in 
Section 4. 1 respond to the time-averaged intensity flow- 
ing into the volume occupied by the thermal sensor and 
will therefore provide a measure of the energy density. 
This parameter will vary in space throughout the rever- 
berant enclosure and a spatially averaged parameter, 
derived from a sampling of the acoustic field at a number 
of field points, may provide a more robust measure of 
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the acoustic energy being deposited in the tank. Such a 
device designed specifically for the characterisation of 
ultrasonic cleaning baths is described in Section 4.2. 

For the reasons described above, the reverberant 
environment occurring in high power systems is very 
complex. The standing-wave pattern produced by an 
array of transducers in a cleaning bath, for example, 
can produce local variations in the acoustical parameters 
although frequency modulation is often used to smooth 
out the pressure distribution. Theoretical modelling of 
these systems is likely to be exceedingly complex for a 
number of reasons: the bubbles generated by cavitation 
will scatter the ultrasound, the water surface will distort 
under the influence of the acoustic radiation force and 
the vessel walls will undergo vibrations which are not 
solely piston-like but may include radial or surface-wave 
modes. Although it lies beyond the scope of the current 
project, the concepts used in airborne acoustics in the 
treatment of reverberation rooms may have some valid- 
ity here. In particular, issues such as reverberation time, 
direct and reverberant sound fields may have some 
application. Additionally, the energy density may be 
determined from pressure measurements, provided that 
these are made in the far-field of the transducers, in a 
sufficient number of positions in the acoustic field. 


2, Hydrophones 

By definition, these are simply devices that measure 
acoustic pressure. Historically, hydrophone develop- 
ment was driven'' by the increasing need to be able to 
make quantitative assessments of the spatial and tempo- 
ral characteristics of medical ultrasonic fields propagat- 
ing into water. At the megahertz frequencies used in 
these applications, the need arose for broadband minia- 
ture sensors capable of accurate and reproducible meas- 
urements of such fields, fuelled by exposure concerns. 
Increasingly, however, the development of ever-more 
sophisticated diagnostic and therapeutic devices in the 
medical field has increased the demand for seniors of 
better spatial resolution, bandwidth and sensitivity, 
which are able to withstand increasingly hostile environ- 
ments. This has led to the production of piezoelectric 
hydrophones with active elements, as small as 40 um and 
devices with membrane thicknesses of a few um. The 
development of optical- based techniques for characteris- 
ing ultrasonic fields has also increased, in the form of 
fibre-optic hydrophones, which can measure the acoustic 
pressure in a minimally perturbing manner. In this 
section, the various designs of hydrophones available 
will be discussed in detail, following a general description 
of the requirements of such a device when applied to 
high power field characterisation. 


2. J. Piezoelectric hydrophones 

Hydrophones of this type work according to the 
piezoelectric effect [12]: a change in the force on a 
material (in this case, due to the presence of an acoustic 
disturbance) produces a proportional change in the 
charge distribution within the material. In measurement 
practice, this charge is picked up by electrodes attached 
to surfaces of the piezoelectric element, and can then be 
amplified as a charge or as a voltage to produce a visual 
representation of the acoustic waveform, via a signal- 
processing oscilloscope. The implementation of this 
effect in the form of a device to assess the acoustic 
pressure in the field of an ultrasonic source is by no 
means straightforward. There are a number of important 
factors to consider in hydrophone design. The device 
should be non-perturbing: for example in a cleaning 
bath, we do not want to alter the standing wave pattern 
established. The errors due to spatial averaging which 
can occur when measuring medical fields of frequencies 
of a few megahertz are of less concern in most high 
power industrial applications, where devices operating 
at frequencies of 20 kHz produce ultrasound with a 
wavelength of approximately 7.5 cm. In addition, partic- 
ularly for the measurement of medical fields, the device 
needs to have a uniform response over a wide frequency 
range, yet still be sensitive enough to produce a reason- 
able signal level that increases linearly with acoustic 
pressure. Further, it must be robust and rugged enough 
to withstand the sometimes hostile fields produced by 
high power ultrasonic equipment. 

Robustness is perhaps the most relevant to high power 
ultrasound applications. By their very nature, many 
hydrophonic devices can be quite delicate and fragile as 
designs reach new levels of spatial resolution and non- 
invasiveness, with their susceptibility to cavitation 
damage around the active element being of concern. In 
part, this explains the comparative lack of literature 
available on the use of hydrophones in measuring the 
acoustic fields generated by high power ultrasound 
devices, with the exception of measurements made in 
the medical field, where concerns over safety have driven 
the development of accurate and robust devices (at the 
expense of performance, to a certain extent) which have 
been used in the characterisation of lithotripter fields. 

2.1. l :i ^JSfefdle devices 

Piezoelectric ceramics have been widely used in the 
development of hydrophones, and most designs using 
materials of this type consist of a disc-shaped active 
element supported at the tip of a needle-like structure 
which is made from some acoustically absorbing mate- 
rial. The element and absorbing material are then housed 
in some form of supporting tube [13,14]. A schematic 
representation of such a device is shown in Fig. 2. 

Needle-type ceramic probes can be fairly robust 
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Fig. 2. Schematic representation of ceramic needle-type, hydrophone. 


devices, so are appropriate for the measurement of high 
power fields, and are usually of high sensitivity. 
However, they can suffer from unpredictable structure 
both in their frequency and directional responses due to 
radial resonance modes, reflections and mode conver- 
sions in the active element and backing material. The 
high characteristic acoustic impedance of ceramic mate- 
rials (when compared to water) means that they perturb 
the field being measured. Typically, hydrophones of this 
type are constructed with active elements of diameter 
0.4-0.6 mm, values which are much less than the wave- 
length at 40 kHz. 

Closer characteristic acoustic impedance matching 
between the sensor element and water may be achieved 
through the use of the piezoelectric polymer polyvinyli- 
dene fluoride (PVDF). PVDF is also flexible and resis- 
tant to chemical attack. Using the type of construction 
employed in the ceramic needle probe, hydrophones 
have been designed using a PVDF active element 
[15,16]. Fig. 3 shows such a design. The problems of 
irregular frequency responses when using ceramic piezo- 
electric materials noted above are reduced when using 
PVDF, but radial resonances are still of concern. In 
addition, the contact between the active element and the 
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Fig. 3. Schematic construction of PVDF needle-type hydrophone. 


connecting thin wire can deteriorate over time, and like 
the ceramic needle-type hydrophone described earlier, 
this can lead to instability. 

2. 1 . 2. Membrane de vices 

A further design of hydrophone has been produced, 
which has largely solved the problems encountered in 
using needle devices. This design is the membrane 
hydrophone [17], and it is now the accepted 'gold- 
standard' world-wide device for making absolute, trace- 
able measurements of acoustic pressure distribution in 
medical ultrasonic fields. It comprises a large sheet of 
PVDF in the form of a thin film, with gold or chromium 
electrodes vacuum-deposited on the surface, stretched 
across an annular frame. Metal film leads are evaporated 
onto both sides of the membrane, and the small overlap 
region formed determines the active area of the device. 
The majority of device developments were carried out 
in the early 1980s [18,19]. Modern manufacturing tech- 
niques can produce devices with active elements of 
40 urn diameter, with bandwidths up to 150 MHz. Fig. 4 
depicts a typical coplanar design. 

The characteristic acoustic impedance of PVDF is 
well matched to that of water and therefore, provided 
the membrane is thin, membrane hydrophones have the 
advantage of causing minimal disturbance to the acous- 
tic field, especially as the ultrasonic beam generally 
passes through the aperture of the supporting ring. Also, 
the frequency response of membrane devices tends to 
be smooth in the megahertz frequency range. Membrane 
hydrophones find their use almost exclusively in the 
characterisation of medical fields below the threshold of 
cavitation, and are frequently used in degassed water to 
minimise the risk of cavitation occurring (for example, 
in physiotherapy fields). Some authors have used them 
in assessing the fields generated by lithotripters, fields 
in which peak-compressional pressures can reach in 
excess of 70 MPa [20]. PVDF would appear to be linear 
in its piezoelectric properties up to these levels [21]. 
However, when characterising lithotripter fields, mem- 
brane hydrophones may be susceptible to cavitation 
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Fig. 4. Schematic diagram of a coplanar membrane hydrophone. 
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induced damage. The gold electrodes attached to the 
PVDF membrane can become locally eroded, even 
though the polymer itself is undamaged, and the sensitiv- 
ity of the hydrophone can then decrease with continued 
exposure to lithotripter shock pulses. Bilaminar mem- 
brane hydrophones used in lithotripter measurements 
can suffer from delamination damage. 

The application of membrane hydrophones to meas- 
urements of high power ultrasound fields has been 
limited to measurements of medical fields only, and even 
these have demonstrated problems with fragility [20]. 
Some needle-type probes have also been used in the 
characterisation of lithotripter fields [22], and generally 
this has been the limit of the extent of measurements 
using calibrated devices. 

The need to make measurements of lithotripter field 
parameters, specifically of the peak-rarefactional pres- 
sure amplitude^ coupled to the limitations shown when 
using conventional hydrophones has led to several vari- 
ants on the conventional piezoelectric hydrophone theme 
[23,24]. Further, capacitance hydrophones have been 
applied to such fields [25]. An objective assessment of 
the desirable qualities of a piezoelectric hydrophone 
designed to measure lithotripter fields has been pub- 
lished, along with some results from a prototype device 
[26]. Two specific devices are covered in Sections 2.1.3 
and 2.1.4 below. 

2.1.3. Liquid electrode hydrophone 

Cathignol [23] has developed a membrane-style 
hydrophone applicable specifically to lithotripter meas- 
urements. The de*sigrf is similar in some respects to a 
previously described hydrophone [27], but differs in that 
the electrodes are connected to the active element via 
an electrolyte rather than a dielectric liquid medium. A 
schematic cross-section of the device is shown in Fig. 5. 

The device works by the piezoelectric effect, as 
described in Section 2.1. However, the effect of the 
charge distribution created by the impinging ultrasonic 
wave is transferred to the two metal electrodes via the 
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Fig. 5. Schematic diagram of liquid electrode hydrophone. 

electrolyte, rather than exposing the fragile electrodes 
themselves to the hostile field directly. The author 
constructed the device from a PVDF film of thickness 
9 um, with an active element diameter of 1 mm. This 
was calibrated against a conventional membrane 
hydrophone and shown to have a sensitivity of 
12 mV/MPa over a bandwidth of 20 MHz. More impor- 
tantly, it was able to stand in excess of 10 5 shock pulses 
of 30 MPa pressure amplitude without any significant 
decrease in sensitivity. The device is not as sensitive as 
a conventional membrane hydrophone (a similar copla- 
nar device with a 1 mm diameter active element would 
have a sensitivity of around 70 mV/MPa, a factor of 6 
higher), and may not have the temporal response. It is 
undoubtedly useful, however, for the assessment of 
lithotripter fields. A miniature device; based on a-similar 
liquid electrode mode of operation has also been devel- 
oped [28]. 

2.1.4. Reflector-style hydrophone 

Bedi and Selfridge [24] have published details of 
another hydrophone variant developed specifically for 
measuring the output from lithotripter fields. Rather 
than using a polymer, they have reverted to manufactur- 
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ing the device with a ceramic piezoelectric ( lead titanate) 
active element backed by a matched acoustic impedance. 
This has been shown to undergo no significant change 
in sensitivity after 5000 shocks of acoustic pressures in 
excess of 100 M Pa. In addition, the device is able to 
faithfully reproduce rarefactional pressures; The effect 
of the matched impedance is to reflect the incoming 
wave, rather than be acoustically transparent, as is the 
case for membrane hydrophones. Potentially, this mech- 
anism can be damaging to the device, because if the 
reflection occurs at a boundary with an acoustic imped- 
ance less than that of water, an incident compressional 
pulse will be inverted to a rarefactional pulse, instantly 
causing cavitation adjacent to the surface. The matching 
layer is hence designed to prevent this occurring. In 
comparison with a conventional calibrated membrane 
hydrophone (the sensitivity of which was determined at 
low power levels), excellent agreement was seen in the 
peak-compressional and peak rarefactional pressures 
indicated by the two devices. In addition, the ceramic 
design did not suffer from the characteristic resonances 
seen in the response of a conventional membrane 
hydrophone (associated with the thickness response of 
the active element and cable resonances). The use of a 
ceramic active element also meant that the device had a 
higher sensitivity than that of a conventional membrane 
device with a similar (1 mm) active element size. 

2.1.5. Th e appl ica t ion of hydrophones to the 
characterisation of high power systems 

The application of hydrophones used in the medical 
field to many high power applications may be limited 
by their bandwidth, with lower cut-off frequencies typi- 
cally being at hundreds of kHz, outside the 20 kHz 
operating frequencies of many sonochemistry and clean- 
ing applications. Recent work has produced two minia- 
ture ceramic devices that claim to overcome this barrier, 
and also be resistant to the extreme conditions produced 
by strongly cavitating fields [29]. The construction of 
these devices is similar to that shown in Fig. 2, compris- 
ing a lead zirconate titanate crystal supported on a 
cylindrical body. To reduce the influence of resonances 
on the device output, the active element was embedded 
in a silicone rubber and cork mixture, effectively decou- 
pling the crystal from any tube wall vibrations. In 
addition, the active element was coated with a thin layer 
of polymer resin for protection. The hydrophone also 
includes an integral amplifier, producing a uniform gain 
over a frequency range from 10 kHz to over 100 kHz. 
In evaluation, the devices showed a flat frequency 
response up to 150 kHz, and sensitivities of a few mV/Pa. 
They appeared to produce a stable output over a 100 h 
period of testing in a strongly cavitating environment. 

Perhaps more suitable for application to the measure- 
ment of acoustic parameters at lower frequencies are 
hydrophones commonly used in underwater applica- 


tions. These generally consist of a piezoelectric ceramic 
active element mounted inside a specialised rubber sur- 
round, which serves to match the acoustic properties of 
the sensor to the water. Devices of this type usually 
approach uniformity in their directional response, as at 
low frequencies, the element dimensions tend to be less 
than one-tenth of the acoustic wavelength. In compari- 
son to the membrane and needle devices described 
above, the bandwidth of underwater hydrophones 
extends to the tens of kHz range. Use of hydrophones 
of this type in measurements of high power devices has 
not been widely reported, although a recent paper 
described such a device being used for measurements on 
an ultrasonic surgical instrument [30]. 

Ultrasonic surgical instruments, used in dental desca- 
ling treatment, tissue fragmentation, phacoemulsifica- 
tion and other similar processes also fall into the 
category of 'intentionally cavitating' devices. There is 
still a degree of uncertainty over the mechanism by 
which they operate, be it through cavitation, a hammer 
action, or perhaps a combination of these and other 
effects. Instruments of this type are usually characterised 
in terms of the vibration amplitude of the tip [31-33], 
but the link between this and the action of the devices 
is still uncertain. A paper cited above [30] demonstrated 
some attempts to characterise the acoustic field produced 
by such a device using two hydrophones: one to measure 
the acoustic signal directly at frequencies below 100 kHz, 
and another to quantify the 'cavitation energy' over a 
wider bandwidth. Such acoustic emission techniques for 
monitoring cavitation can be found in the ISVR report 
[11]. 

2.2. Fibre-optic hydrophones 

In making measurements of high power ultrasound 
fields, the ability of the device to withstand the extremes 
of conditions produced by the field is of concern. A 
means to overcome this difficulty is to measure the field 
parameters using a device with a replaceable tip. Also, 
with uncertainties over the degree of field perturbation 
caused by piezoelectric devices, and the difficulties asso- 
ciated with manufacturing sensors with small active 
elements and usable sensitivities, there exists a need to 
investigate alternative measurement techniques or 
devices. These problems can be overcome to some extent 
by using fibre-optic techniques. 

The compressive and' rarefactive regions in an ultra- - 
sonic wave result in local changes of the refractive index 
of the transmitting medium. Due to the speed of light 
being much greater than the speed of sound, these 
regions of pressure maxima and minima appear station- 
ary to' an incident light beam. The ultrasound behaves 
as a phase grating, and using a photodetector and lens 
(or optical fibre) arrangement, information about the 
acoustic beam can then be derived from the resultant 
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diffraction pattern [34-37]. The use of an optical fibre 
to measure an acoustic signal was first demonstrated by 
Bucaro et al. [38]. 

A comprehensive demonstration of this form of opti-^ 
cal hydrophone is given by Wu et al. [39]. The device 
is based upon a two-fibre sensor, with the incident light 
beam being diffracted by the acoustic signal propagating 
at right angles to it. Using the principle of Raman-Nath 
light diffraction, the amplitude and phase information 
from the acoustic signal can be reconstructed from the 
light intensity levels produced by the receiving fibre, 
assuming the number of harmonic terms produced by 
the diffraction is restricted. The device showed good 
agreement with results obtained from a piezoelectric 
needle probe positioned at the same point in the field. 
The frequency response was reasonably fiat over the 
range 1-15 MHz: however, this is limited only by the 
wavelength of the light beam used (0.6328 urn), the 
bandwidth of the photodetector, the interaction region 
and the properties of this medium. The authors con- 
cluded that the device was suitable for measurements of 
both continuous wave and pulse signals, and has poten- 
tially a high spatial resolution, comparable to the core 
diameter of the optical fibre used. 

In further studies using the same device [40], a range 
of spectral and spatial measurements of focused and 
unfocused transducers of frequencies up to 20 MHz 
were carried out, again showing reasonable agreement 
with data from a 0.5 mm diameter PVDF needle 
hydrophone. However, in both sets of studies, the system 
suffered from electrical noise, and the fibre optic sensor 
had a sensitivity some 20 dB lower than that of the 
PVDF probe. 

A further development of optical sensor has been 
demonstrated by Huber et al., in their so-called laserop- 
tic hydrophone [41]. In this case, light from a laserdiode 
is coupled to a quartz glass optical fibre of a 50 um core 
diameter, and the end placed into the acoustic propaga- 
tion medium. Some of the emitted light is reflected back 
into the fibre, depending on the ratio of the refractive 
indices of the medium and the fibre. This reflected light 
can then be detected using a y-coupler and phptodiode 
arrangement. The local density of the water, and hence 
its refractive index is increased in the compressional 
phase, thereby reducing the difference between the 
respective refractive indices, and the reflectivity. The 
reverse occurs in the raref actional phase, producing a 
time-varying signal at the photodiode. The laseroptic 
probe was independently calibrated using a range of 
liquids of known refractive indices. Good agreement 
was seen between the laseroptic probe, a needle 
hydrophone and a capacitively coupled membrane 
hydrophone in the acoustic pressure values derived. 

Interestingly, the laseroptic hydrophone appeared to 
provide information on cavitation occurring close to the 
end of the fibre, shown by the photodetector as sharp 


peaks, due to the marked difference in the refractive 
indices of water and air. A proportional correlation was 
seen between the negative pressure amplitudes measured 
and the duration of the cavitation signal detected. It 
would seem, in this case, that the probe could be used 
to monitor simultaneously both acoustic pressure and 
cavitation. The device demonstrated would appear to 
provide useful information on the lithotripter fields 
measured. However, it still suffers from the lack of 
sensitivity prevalent in most optical techniques, again 
being 20 dB lower than the piezoelectric devices tested. 

A version of the type of sensor demonstrated by 
Huber et al. was also developed by Staudenraus and 
Eisenmenger [42]. Using the same principles of an 
acoustic pressure change inducing a variation in the 
optical reflectance at the boundary between the fibre 
end and the medium, the authors constructed a more 
sophisticated variant, incorporating a noise detector, 
producing a clean waveform. The device was shown to 
have a bandwidth of 20 MHz, and a spatial resolution 
of 0.1 mm. Again, the authors tested various aspects of 
its performance against several different piezoelectric 
hydrophones: a PVDF needle probe, a PVDF membrane 
hydrophone and a capacitively coupled PVDF device 
[27]. The limitations in measuring rarefactional pres- 
sures with conventional PVDF hydrophones (due to the 
low cavitation threshold at the metallised surface) were 
seen in the comparison, with the fibre-optic probe pro- 
viding the lowest values of peak rarefactional pressure 
(-15~MPa) seen. The PVDF devices showed that the 
rarefactional pressure responses were truncated by cavi- 
tation, only reaching levels of around — 7 MPa. The 
fibre-optic probe was again shown to be less sensitive 
than the PVDF devices. However, this problem was 
overcome somewhat by the application of a thin layer 
of optically clear silicone rubber over the end of the 
fibre, which produced a seven-fold increase in sensitivity. 
Recent measurements using a fibre-optic hydrophone of 
this type have shown an ability to measure peak rarefac- 
tional pressures as low as -25 MPa [43]. 

The principle of Fabry-Perot interferometry has been 
used in the development of a different type of fibre- 
optic probe [44]. The device described consists of a 
optical fibre which has a thin polymer film mounted at 
the end. The presence of an ultrasonic field induces 
changes in the thickness of this element, which are then 
picked up by an interrogating interferometer. Such a 
design has been shown to be of wide bandwidth and of 
excellent spatial resolution, with a sensitivity similar to 
a PVDF membrane hydrophone; indeed performance 
evaluation in comparison to membrane hydrophones 
has shown excellent agreement when used in lithotripter 
fields. The device has its main application in this area, 
being of sufficiently small dimensions to be used in vivo. 
It is thought that information on cavitation activity at 
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the focus of an extracorporeal shock wave lithotripter 
can also be obtained from the design. 

An interesting method is again based on interferome- 
try [45], in which the presence of an acoustic signal 
causes measurable changes in the refractive index. In 
this case, the authors investigated these refractive 
changes in a solid material, using optical fibres embed- 
ded in sample materials of polyethylene and graphite 
composite. Using a PZT transducer for their ultrasonic 
source, they were able to detect signals over a 100 kHz 
to 5 MHz bandwidth. The technique would perhaps 
have limited application in 4 real systems', although it 
may be applicable to ultrasonic welding, where currently, 
acoustic measurements are rarely performed. 

The use of optical techniques in the characterisation 
of high power ultrasonic fields has currently been limited 
to making measurements on medical devices. Fibre optic 
hydrophones can be calibrated against piezoelectric 
devices at low acoustic pressures to yield absolute infor- 
mation, and their use would seem to be gaining increas- 
ing recognition as a suitable means of evaluating high 
power field characteristics. Further, an optical technique 
could be used to monitor acoustic pressure and cavi- 
tation emissions simultaneously, with the required 
signal being achieved by signal filtering techniques. 
Sonoluminescence could even be monitored by fibre- 
optic probes, if the signal-to-noise ratio was adequate. 


3. Optical interferometry 

The use of optical techniques is not restricted solely 
to hydrophone probe-like devices. The local changes of 
particle position Jn a medium caused by the progression 
of an acoustic wave can cause a displacement of a 
surface or membrane, which can then be interrogated 
by an optical beam. Such a technique hence allows 
remote monitoring of field parameters. The displacement 
produced by continuous plane progressive waves of 
intensity 100 mWcm" 2 at 5 MHz is around 1 nm, and 
greater displacements are seen at lower frequencies. 
Using a moving membrane or pellicle, a heterodyne 
• interferometer can be used to assess the exact displace- 
ment, which is proportional to the acoustic pressure 
amplitude at that point (assuming plane wave propaga- 
tion). This technique has been demonstrated by Royer 
et al. [46]. The method demonstrated involved the 
probing of a field using a reference beam and a probe 
beam, focused onto a gold reflecting coating on a thin 
pellicle immersed in water. The technique exhibited a 
bandwidth of 20 MHz, with a spatial resolution better 
than 0.1 mm, corresponding to a minimum detectable 
time-averaged acoustic energy of 2 uJ m~ 2 . An interfer- 
ometer of this type has been adapted for use as a 
primary standard instrument for the calibration of 
hydrophones [47]. The Michelson interferometry prin- 


ciple has also been extended recently to a fibre-optic 
based sensor [48]. 

Recent work directed specifically at the assessment of 
lithotripter fields has produced a variant of the 
Michelson interferometer with a long-path-difTerence 
geometry, to measure the velocity of a pellicle placed 
in the acoustic beam [49]. Again, this parameter can 
be used to derive the absolute acoustic pressure. 
Extracorporeal Shockwave lithotripters can produce par- 
ticle velocities in the range 1 -100 ms" 1 , and in the cited 
research, the velocity of an acoustically transparent but 
optically reflecting target located in the field of a shock- 
wave source was evaluated with an interrogating single- 
mode laser beam. Preliminary trials have shown that 
the system has a bandwidth of 1 00 MHz. 


4. Thermal methods 

As ultrasound propagates through a medium, its 
amplitude decays due to the attenuating nature of the 
medium. This is due to absorption and scattering effects. 
In a homogeneous material, where energy losses due to 
scattering may be considered negligible, the absorption 
is attributable to thermal conductivity, viscous effects 
and other molecular processes. This energy transfer 
results in a temperature rise in the medium, which can 
be used to provide information about the acoustic field. 
Two independent classes of measurement technique can 
be derived from this effect, one of bulk techniques, the 
other discrete. 

4. 1 . Discrete thermal methods - single element probes 

Almost certainly, the first type of sensor that was 
developed and used to yield information on ultrasonic 
field distributions was based on a thermal detection 
method. The original theory and experimental evalua- 
tion of this type of probe was first carried out in the 
1950s [50]. 

Simple and inexpensive in construction, discrete ther- 
mal probes are based on thermocouples or thermistors, 
usually encased in an acoustically absorbing material, 
preferably with a similar acoustic impedance to that of 
water. When placed in an ultrasonic field, temperature 
rises are produced in the surrounding material by the 
absorption of ultrasound, which causes a change in the 
electrical output of the thermal device. From the litera- * 
ture, the initial rate of temperature rise in the absorbing 
medium, during the first few tenths of a second after 
the insonating field is activated, is proportional to the 
acoustic intensity [51 ), assuming that the heat losses are 
small over this short time period. Fig. 6 illustrates a 
typical time response of a discrete thermal sensor. 

As the temperature of the sensor rises, heat losses 
occur due to conduction, convection and radiation. An 
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Fig. 6. Temporal response of a typical thermal probe. 


equilibrium temperature is reached when the rate of 
heat loss is equal to the rate of energy absorption. This 
equilibrium temperature can also be a linear function of 
the ultrasonic intensity, provided the losses (including 
enhanced convection losses due to streaming caused by 
the ultrasonic beam) are proportional to the difference 
between the temperature of the probe and that of the 
water bath [51]. The physical construction of probes of 
this type is normally in the form of a cylindrical block 
of encapsulating material about the thermal device, or 
sometimes with the thermal element suspended via its 
connecting leads on a frame, allowing the acoustic beam 
to pass through the support in a similar fashion to that 
employed in hydrophone construction. Fig. 7 shows 
typical discrete thermistor designs. 

Similar devices can be constructed using thermocou- 
ples, with the addition of an amplifier in the signal 
chain. In characterising a 980 kHz field, Fry and Fry 
[50] used a design similar to the suspended thermistor 
case in Fig. 7, but with two polyethylene diaphragms 
stretched over the supporting ring with the void between 
them filled with castor oil, which provided high absorp- 
tion in the immediate vicinity of the uncoated thermo- 
couple used. The rise in temperature observed in the 


thermistor 
wires I I 



presence of ultrasound is thought to result from two 
phenomena: conversion of the acoustic energy in the 
field into heat by viscous forces acting between the 
thermocouple wire (or thermistor casing) and the embed- 
ding medium, and absorption of sound in the body of 
the embedding medium. 

Thermal probes can be fabricated with an extremely 
small measurement volume and are hence well suited 
for performing measurements of local intensity. In prac- 
tice, however, there is a trade-off between limiting the 
dimensions of the sensor and obtaining an observable 
temperature rise. It should be noted that thermocouple 
probes measure the relative acoustic intensity as a func- 
tion of temperature: absolute intensity measurement 
requires prior calibration, or accurate knowledge of the 
acoustical and thermal properties of the absorbing 
medium. Studies have been undertaken to evaluate 
suitable absorbing materials and encapsulation configu- 
rations [52]. 

4.1 A. Application of thermal probes to the 
characterisation of high power fields 

Thermal probes are applicable to measuring high 
power fields in that their response is omnidirectional, 

to acquisition system 


narrow 
glass tube 


aborbing 
coating 


supporting 
ring 



Fig. 1. Typical thermistor probe designs. 
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and they can often yield results of fine spatial detail- 
thermocouple devices may be made as small as 10 urn 
However, reproducibility of probe manufacture can be 
a problem, particularly when using encapsulating mate- 
rials, as any trapped air in the absorber will alter the 
acoustic properties of the material. In addition the 
acoustic properties of the absorbing material are often 
frequency and temperature dependent. Ultrasonic fields 
at megahertz frequencies produce significant temper- 
ature rises, even in devices with thin^rubber coatings, 
whereas materials which have sufficiently high attenua- 
tion coefficients at tens of kilohertz are less widely 
documented. Cavitating bubbles can attack the potting 
compound, altering the volume of the absorbing material 
around the thermal device, which affects the sensitivity, 
and perhaps more importantly, produces small motes in 
the surrounding liquid, which act as nucteation sites for 
cavitation. In using a thermal sensor, the ambient tem- 
perature must be monitored. Further, the response time 
of thermal sensors is comparatively slow, meaning that 
the temporal variation in pulsed fields cannot be 
resolved. 

The temporal response of a thermal probe is also 
limited: in addition to the few hundred milliseconds 
over which the rate of temperature increase is linear 
with intensity, the device must be allowed to cool down 
between measurements over a period of several seconds. 
In procedural terms, this means switching off the applied 
signal, which in the case of performing field distribution 
measurements in an ultrasonic cleaning bath, for exam- 
ple, may have the effect of changing the standing wave 
patterns produced, as the time taken for the water 
surface in such a device to settle down after switching 
on can be considerably greater than the linear response 
time of a thermal sensor. 

Recently, the literature has shown research groups 
revisiting this measurement technique, in conjunction 
with computer-controlled positioning and acquisition 
systems [53-55]. This recent work has moved towards 
the characterisation of fields produced by ultrasonic 
generators employed in sonochemistry applications, 
when previously, much of the research in the 1970s and 
early 1980s was orientated towards medical fields. This 
shows a growing awareness amongst research groups of 
the need for spatial information of the intensity distribu- 
tion. Continued work in this area will enable optimum 
vessel geometries and insonification configurations to be 
determined and may. ultimately establish a set of meas- 
urement techniques that will enable results from different 
research groups on similar chemical reactions to be 
intercompared. 

The spatial distribution of the acoustic intensity in an 
ultrasonic field has been assessed using a thermal tech- 
nique, and the results compared with spatial information 
on the extent of acoustic cavitation, assessed by foil 
erosion and chemical dosimetric techniques [10], the 
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Sarvazyan dye method (see below) [56] by a 

S r °^u° ne [5?L aDd by a che ™luminescent method 
[5SJ. The results seen in the latter case are of interest 
as the authors discovered that the sites in the acoustic 
field where the highest number of OH" radicals were 
produced (illustrated by the level of chemiluminescence 
observed), which correspond to cavitation 'hot-spots* 
did not correspond to the positions at which the highest 
output levels were shown by the thermocouple probe 
output. They suggested that this provides evidence to 
indicate that a significant part of the ultrasonic energy 
delivered to a liquid volume is probably not used to 
induce sonochemical changes. This may also indicate 
that the presence of the thermocouple probe causes 
sufficient perturbation such that the regions of highest 
intensity are displaced from their true locations 
However, the authors showed that the intensity distribu- 
tion measured with the thermocouple probe agreed with 
conventional plane-piston transducer theory. 

4.2. Discrete thermal methods - multi-element probes 

In the 1970s the IEC published a report which sum- 
marised the position on standardisation for establishing 
the output of an ultrasonic cleaning bath [59]. Part of 
the work involved an assessment of a multi-element 
thermal probe designed and produced in Germany which 
utilises many of the same principles described above, 
but which provides spatially averaged acoustic informa- 
tion, by employing an array of linked thermal sensors 
[60]. The instrument consists of 32 coated thermocou- 
ples, mounted on Stalks' projecting from a central 
sphere. The outputs from the thermocouples are integ- 
rated, and the overall device output takes the form ofa 
DC voltage. The dimensions of the device are such that 
it corresponds to half a wavelength in water at 20 kHz, 
which is equal to the separation of successive nodes or 
antinodes in a standing wave field. In this way, the 
authors predicted that the device would produce the 
same output, regardless of its location when positioned 
in a uniform standing wave field at 20 kHz, generally 
the most common frequency for cleaning tanks. 

Each thermocouple element was coated in a form of 
Perspex which had been aerated to increase its acoustic 
absorption properties. Unfortunately, the apparent vari- 
ation in probe output with dissolved gas content in the 
surrounding liquid led to it being rejected as the basis 
of a standard measurement technique* . by- the IEC. 
However, a device of this type that produces a spatially 
averaged figure for the energy density in a cleaning bath 
is potentially useful as a routine monitor of cleaning 
bath output. 

4.3. Bulk thermal methods 

In applications such as sonochemistry, a more global 
measure of the 'energy 5 entering a fluid volume is^often 
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of use. This can be achieved by making calorimetric 
measurements, where the acoustic power delivered is 
assessed simply by measuring the temperature rise 
observed when a known volume of liquid of known heat 
capacity is sonificated for a known time. Care must be 
taken in reducing errors due to heat losses, and contribu- 
tions to the temperature rise from acoustic source 
inefficiency. In a controlled environment, useful absolute 
power data can be obtained [61-66]. Ratoarinoro et al. 
[66] compared different power measurement techniques 
for both electrical input and acoustical output power 
with chemical yield for a given reactor, as a function of 
liquid height in the vessel, and concluded that the 
dissipated acoustic power density appeared to show the 
best correlation with reaction yield. 

Some sonochemists make an estimate of the acoustic 
intensity in a vessel by simply dividing the power 
(derived from calorimetry or electrical power measure- 
ments) by the area of the radiating horn tip or bath 
surface [10]. While acceptable as a very rough means 
of comparing different sonicating devices, this is by no 
means an adequate way of quantifying the acoustic field, 
due to uncertainties in the effective area of the probe tip. 


5. Radiation force methods 

Targets placed in the path of an acoustic beam 
experience a unidirectional force, known as the radiation 
force Characterisation methods based on the measure- 
ment of this force predate the use of piezoelectric 
hydrophones [67]. Such methods can be used to provide 
data on both spatially averaged and local intensities, 
depending on. the size of the target relative to the 
ultrasonic beam dimensions. The radiation force experi- 
enced bv the target per unit area is proportional to the 
ultrasonic intensity in the field. This manifests itself 
either by a measurable change in the target 'weight , in 
the case of a laree target, observed on a balance; or by 
a linear displacement, seen for a small target and mea- 
sured with a travelling microscope. A large target which 
covers the total effective beam area provides the total 
power, whereas a small target totally immersed in the 
field will provide local information on the time-averaged 

intensity. . . 

This would appear to be a simple and inexpensive 
method but is very limited in its applicability to typical 
hiah power fields. Radiation force devices are used for 
making power measurements in the megahertz frequency 
range but the rapidly diverging fields produced by high 
power devices (for example, sonochemical processors 
operatine in the tens of kilohertz range would be difficult 
to characterise, unless the beams were colhmated m 
some way. Also, consideration would need to be given 
to the propagation medium used, as cavitation bubbles 
will scatter the acoustic field. 


The cavitation bubble activity produced by lithotripter 
fields is generally longer lasting than the acoustic pulse 
itself, and these events may also cause a measurable 
force on a target. This effect forms the basis of a 
measurement device recently reported in the literature 
[68]. The device consists of an electromagnetic velocity 
sensor linked via a short rigid rod to a stainless steel 
ball. This ball is placed underwater at the focus of a 
lithotripter. and the violent cavitational activity pro- 
duced by an incident shock wave causes the ball and 
rod to move. The output voltage from the electromag- 
netic probe is measured on an oscilloscope, and is 
proportional to the velocity of the steel ball. The square 
of the probe output voltage is therefore proportional to 
the energy transferred to it. Measurements have also 
shown that there is a linear correlation between litho- 
tripter pulse energy and the amount of synthetic stone 
destruction. Recent results would seem to reinforce this, 
and indicate also that the probe responds directly to 
cavitation activity [69]. 


6. Semi-quantitative techniques 

With the exception of thermal probes, the majority 
of the devices described above represent state-of-the-art 
measurement techniques, and tend to be expensive. With 
this in mind, Sarvazyan et al. have developed a technique 
that requires the bare minimum of conventional labora- 
tory supplies and reagents, and in principle, can be 
calibrated to provide reproducible acoustic data [70]. 
The technique is based upon the ability of ultrasound 
to increase the diffusion rate of liquids into porous 
media. When a piece of white paper is placed in a tank 
to which a few drops of water-soluble dye (0.1% methy- 
lene blue) have been added, and the transducer switched 
on the rate of diffusion of dye into the paper is 
proportional to the local ultrasonic intensity: this was 
assessed over a wide range of exposure times. The 
authors correlated the technique with measurements 
made using a thermocouple probe. In theory, the tech- 
nique may be calibrated by assessing the optical density 
of the exposed indicator paper. 

The hostile conditions produced by ultrasonic clean- 
ine baths have prompted studies on rugged, semi-quanti- 
tative devices for assessing the spatial distribution of the 
acoustic field. An example [71] is based on the principle 
of piezoelectricity, but consists of a waveguide attached * 
to a conventional transducer. The device hence com- 
prises an exponential horn with a tip diameter of 1 cm, 
attached to a PZT crystal. The bandwidth of the system 
was thought to be in the range 20-40 kHz. The probe 
is essentially a sonochemical horn, operating in receive 
mode. Assuming that the horn acted as a perfect wave- 
guide, the authors used the output voltage to derive 
relative intensity values in making measurements of the 
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spatial distribution of two commercially available clean- 
ers. The device is not without its merits, as it is simple 
to use and durable. However, the extent to which it 
perturbs the field must be of concern. 

Ultrasonic cleaning bath manufacturers have also 
developed semi-quantitative methods for characterising 
their devices. One example of this is the Ultraprobe 
[72], developed by Zenith Manufacturing in the US. 
The device consists of a column of 'ultrasonic wave 
energy responsive fluid medium' in which Ultrasonic 
wave energy responsive visible particles' are suspended. 
It works on the principle of particulate movement: when 
the probe is placed in an ultrasonic cleaning bath, the 
suspended particles migrate to the standing wave nodes 
produced, thereby giving a visual indication of the 
standing wave field distribution in the cleaning bath. 


sisting of a number of sensors located on the surface of 
an imaginary sphere. The devices measure the intensity 
vector. 

Further developments in polymer technology will also 
influence sensor designs. Very thin films of PVDF are 
available, which enable construction of hydrophones 
with larger bandwidths, and of finer spatial resolution. 
A sensor that combines both field measurement capabil- 
ity and cavitation monitoring features could be possible, 
and may find extensive application with appropriate 
frequency-domain processing. 
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7. Summary 

This review has shown that although high power 
ultrasound has a wide variety of applications, varying 
from health care to welding, there are comparatively 
few measurement techniques that have been developed 
specifically for characterising the acoustic fields pro- 
duced. Table 1 summarises the techniques described in 
this report that are applicable to high power field 
characterisation, with some comparison of their 
attributes. 

The majority of the accurate, reliable techniques that 
have been reported relate to the medical uses of ultra- 
sound, and have been limited in their adaptation to 
other applications. Most industrial applications (includ- 
ing sonochemistry and cleaning) are currently not sub- 
ject to the same demand for control of exposure as in 
medicine, and the characterisation techniques uncovered 
reflect this. Researchers are using techniques which are 
simple and inexpensive to apply, but which yield infor- 
mation which is thought to relate to some aspects of 
the field which are relevant to the process: for example, 
in assessing the fields produced by sonochemistry proces- 
sors a calorimetry technique is used to provide a global 
indication of the power delivered to the sample. 
However, more recent literature is showing that informa- 
tion on spatial distributions is becoming essential, and 
the direction that current studies are taking is starting 

to reflect this. 

This review has majored on conventional measure- 
ment techniques which have been or are being applied 
to high power cavitating fields. However, it is possible 
to envisage alternative methods being developed. For 
example, research on the measurement of acoustic inten- 
sity at audio frequencies in air may also have application 
to waterborne ultrasound. KuttrufT and Schmitz [73] 
have developed two designs of intensity probe, based 
on multi-microphone technology in a geometry con- 
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